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NOTICE

UNITED STATES PATENT OFFICE SECRECY ORDER
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related hereto, a.d the Secrecy Order appe_._-ed hereto has been _m_d

t3mreo_lma_s_zant to Title 35, Unitedb-'tate= C_e (lO$2)SecUoe_ lgl-liML

Further _ssemlr._t1_ of said subject mat=er is prohlblted exce_ tn

strict compliance with said order. The read,tent of this document lJ
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(I_52) 182, 186.
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it h:'td ',he C .,r_]nl, ,v. subject matter s_'. :.,:!d be brought to the attentionuf the

Patent Security Divt*,_cm, Pate:_t Ofhce.

i,r_t,rto the issuance oi the _ezrec] order any signdica.nt l_rt oi the

s_L]ect n.atter t_as been revealed to any per_o_ LhC prLncipalssha.ll

[_ro:npLly m/otto sUCh_ue_rsqn of the secrecy oxder_A._,_l/he penaltles [or
improper dlsclosure.

TM s urder _J_tt]dnot be construed In _u'Iy_IVT_ mean that the Govern-

me_:t has adopted or contemi31ates adc;*,tlon of the alle[/ed invention dis*

clused in thls apphcatlon_ nor ts it any md_cath)n of the va/ue of such
inventi_.
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This report was prepared in compliance with the requirements for

the National Aeronautics and Space Administration Contract, NAS 8-h0Ol_

Investisation of Engine-Comoonent !nte_ration Study. The NASA tech-

nical monitors have been .Mr. J. McCarty at the N_shal Space Flight

Center, and _. J. Suddreth at the I:ASA headquarters.

ABSTRACT

.(  %ass iedAbstract)

The analyses _°l_sults Of' the investigations conducted ul_ler the
• _:,__._

National Aei_cs and Space Administration Contract, NAS 8-4OO1,

Investigation of EnEine-C_mponent Integration Study, are presented

in this report. Componen_ concepts for functional and packaging

integration were investigated for spacecraft &nd boosters. Space-

craft propellant combinations considered were 02/H2, F2/H2, and

.'_20h/N2H4-bq3i_(50-50); booster propells.nts were 02/H2 and 02/HP-l.

Evaluations were made of a n_mber of system concepts, with and without

turbopumps. Prel_nary-design layouts were made of the mor_-promising

concepts,
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INTRODUCTION

The suoerior simplicity and reliability of pressure-fed systems are

frequently the reasons for their selection in applications which

would other_:ise suggest the use of pump-fed systems. Examples of

such applications are those wherein, small propulsion-system volumes

and/or long firing durations are desirable (or requirea), but the

additional requirements of maximum simplicity and reliability preclude

the use of typical pump-fed systems.

This study was initiated to investigate methods of making pump-fed

systems more _titive wi_ the simplicity of pressure-fed systems,

and to investigate ether concepts which could possess the desirable

characteristics of both pump-fed and pressure-fed systems, but would

not necessarily use conventional methods of pumping.

More specifically the objective was to evolve systems which, because

of their more efficient use of volume; possess creater operational-

simplicity, lower weights, _ud higher reliabilities than can be attained

by conventional pump-fed systems.

Concepts to be investigated were to be applicable to advanced booster

systems using LO2/_ 2 and LO2/P_-I; and to spacecraft systems using

LO2/Iiq2, I_2/L_{2 and N204/N2H_-t_3]C4(%O-50) as propellants. Spacecraft

systems were to be considered for both conventional and advanced nozzles.

1
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The more-promising system and/or component concepts were to be

selected for preliminary design and layout.
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Functional system configurations were defined and ra_ed on the basis

of operational simplicity, weight and reliability. Further inves-

tigations and preliminary-design layouts were made for the optimum

systems select_d on the basis of the above criteria. These investi-

gations were of two types, namelyj analytical and design.

The analytical investigations were p_arily directed at defining

and ev_luating (1) novel methods of functionally integrating somewhat

conventional components, and (2) novel methods of acco_plishlng the

same function as the basic systems, but with fewer and/or less complex

components. Tb.ls latter effort consisted largely of evaluating

methods of obtaining a high-chamber-pressure capability without using

turboiLumps or increasing propellant-tank pressure.

Tne design investigations were primarily directed at defining novel

methods of physically integrating the components of the basic systems.

This generally produced some feedback to the basic systems, and the

basic systems were modified as these investigations indicated how

further functional sizplification could be achieved.

The effort to functionally 5_ntegrate somewha_ conventional components

has resulted in significant system simplification. This simplification

has been derived primarily from the use of cryogenic-actuated valves,

the tap-off turbine-drive concept, arA catalytic main-chamber ignition

for 02/H 2 systems.

3
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Using cryogenic propellants to actuate valves eliminates the require-

ment for a gas system for valve actuation; it also promotes physical

integration of the components.

The tap-off turblne-driv_ concept elir,inates the conventional gas-

generator system. A novel start.system concept for usewith •

m alti_le-start storable_oropellant s3_tem has been evolved. This

start-system uses stored tap-off gases to spin the turbine(s) for

the next start.

The use of a catal_%ically-i_n_Ited 2ixture of gaseous oxygen and

hydrogen for rain-chamber ignition effects a significant simplification

for multiple-start 02_q2 systems by r_ducing the ignition system to •

single passive component, the catalyst bed.

A number of concepts having a high-chamber-pressure capability_ but

u_ing fewer pumps than a conventional system (or no pumps) was investi-

gated. The most promising of these was the pulsing engine which is a

pres_ure-fed, high chsz,ber-pressure, low tan_-pressure, intermittent-

comJcustion engine. The work on the o_her concepts of this type is

briefly summarized below:

(i) Pressure-Fed/P_-Fed S[stem - -

In this concept one propellant is pressure-

fed while the other is pumped using a conventional

turuopump. It was considered for an F2/H 2 system

4
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wherein the F2 was pressure-fed. This has m

reliability advantage o_r an all pump-fed

system, and a small payload advantage over an

all pressure-fed system.

(2) Gas-Drive Jet-Pump - -

This was considered for primping fluorine. In-

efficient separation of the drive gas and pumped

propellant resulted in a performance degradation

that v,ade the concept undesiraDle.

(3) det-Ptu_z_o-_Fed/_ed Systmm - -

This concept _s considered for an F2/H 2 system,

and used a condensing jet-pump (the drive fluid

is a vapor that condenses and becomes a part

of the ptumped fluid -- so no separation is re-

quired) for Lhe fluorine. It could be more

reliable than an all p_np-fed system. A

par&_etric payload comparison with an all

pressure-fed system has been made.

(4) Shuttle-Feed Szstems - -

Several of these systems were eva_uated to

determine feasibility and cycle rates. The

concept is a nigh chamber-pressure p_ssure-fed

5
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02/H 2 system wherein propellants are expelled

(alternately) from two (for each propellant)

small high-pressure tanks by pressurizing with

catalytically ignited O2/H 2. Some of the systems

proved to be infeasiole. The feasible one re-

quired excessively large lines and valves to

achieve reasonable cycle rates.

A number of physical integration concepts was evolved. TDm more notable'

of these were ,highly integrated concepts using cryogenic-actuated valves,

and the use of a multiple-poppet valve concept to reduce feed-system

size for !arge_thrust engines. Design effort on other concepts is

• I

briefly summarized below:

(I) Propellant-Va!ve/Turbopump Concepts --

Two concepts for integration of main propellant

valves and turbopunps _ere evolved. Both concepts

utilize a number of _r,all valves integrated with

the pump housing. These concepts can effect size

and weight savings for large-thrust engines.

(2) Cartridse Inte6ration Concept - -

The cartridge concept essentially consists of

designing components so they can be "plugged" into

a hole. These holes are parts of a common manifold

6
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and structural member which has built-ln

passages for the propellant flow. Thus,

this concept tends to reduce system size

and weignt by having components "share"

structural elements. Use of this concept is

shown for valves and turbopumps.

Start-System InteEration -

Two hlghly-integrated start-system concepts have been

evolved for use in a _ultiple-start _T0/50-50 space-

cr_ft engine.

(h) Tb_ee-Le[ Oimbal Concept -

The tbxee-leg gimbal concept integrates the gimbal

bearing, t[_rust structure, and plopellant inlet ducts.

This places the global _oint closer to the engine center

of gravity, thus reducing the requ_'ed actuator loads.

(5) _bu!ar S_helic-_l-Co_bustor -

The tubular spherical-combustor concept

is similar to the to:oidal-combustor concept (Ref. 12 ).

For low-thrust applications this concept may be easier

to cool and fabricate than a conparable toroidal

combustor, and may possess a weight advantage.

_ investigation has been _ade of a scheme _ahez.eby this

concept could be used as a thrust-vector-control

device, _ith a fixed t_:ru3t chamber. The combustor

"._uld be _ji_,baled ,',ile the t,_st chamber re_ains fixed.

7
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The general method of approach was to first minLmize system complexity

through functional analysis and integration, and then to investigate

methods of physically integrating the required components.

The functional analysis was foll_.ed by a rating of the defined

"functionally-simple" systems to determine which were "optimum u with

re_pect to operational simplicity, weight, and reliability. These

"optima" were then designated as basic sygtems, and subsequent eval-

uations of various component and subsystem concepts were based largely

on their use in these systems.

Two t_es of investigations and evaluations of concepts were made,

namely, analytical and design.

The _nalytical investigations were primarily directed at defining

and evaluating_ (1) novel methods of functionally inbegrating somewhat

conventional components, and (2) novel methods of accomplishing the

same fu_nction as the basic systens, but with xewer and/or less complex

cozTonents. This latter effort consisted largely of evaluating

methods of obtaining a high-c_amber-pressure capability without using

turbopunps or increasing propeLlant-tank pressure.
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The design investigations were primarily directed at defining novel

methods of physically integrating the components o_ the basic systems.

This generally produced some feedback to the basic systems, and the

basic systems were nodified as these investigations indicated how

further functional simplification could be achieved.

Subsequently prellminary-design layouts were marne of the more-

promising component a_nd/or system concepts.

9
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T_e basic systems are those functional configurations selected as the

bases for the various co._ponent and sub-system investigations. Mar_ of these

systems use turbopumps and, for the most part, so.-mwhat conventional

co,_@onents. Selection is based on ratings for operational simplicity,

weight, and reliability.

The selection process consisted of the following:

(!) Compilation of data on existing engine systems,

(2) Definition of reliability g_ides for reliable configurations,

i
__ i__ __-_ _ _-_ _- -----_ - -

-:-_3)__n_____ determine how component functions
_ ILLS. iL i_[7.1 -- ............ _--r ............ _L ..f

(h) Concept definition, and

(_ _at_g and selection of the basic configurations.

DATA CO]_ iI&.TIGN

i_ne format chosen for the co_pilation and categorization of functional

data on somewhat conventional systems was the "morphological'. chart,

Fi[. 1 . Using this chart, one can define virtually all the possible

functionalconfigurations that can be forred using essentially conven-

tional components.

To define a concept one starts from the top of the page and follows any

one of the numerous possible paths to the bottom of the page, listing the

10
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co_onents c:_at are in the blocks which lie on the path followed. For

example, the following is a functional description of a system defined

using this c_urt8

(I) Cc.-.bustion chamber tap-off

(2) Single, constant-speed, direct-drive turbine

(3) Separate nozzle for pump-drive exhaust

(h) Centrifugal pumps

(5) H..-_ergolic propellants

(6) !L_ throttling

(7) _i.-:_ s_ar_

(8) .=ressuye-ladder valve sequencing with fuel as actuating fluid

(9) F_.-rotechnic hot-gas-spin turblne-start (solid spinner)

in this ma.n--.erdifferent configurations car, be formed and evaluated; the

use of this ci_art for conventional systems is discussed in more detail

below in t:.e discussion of functional analysis.

. .LIA_LI._ SUIDES

A co_pilati_-n of historical reliability data was made to serve as a

general reliability guide during the preliminary stages of concept

definition. Guides were established for four categories, namely

(i) Turbopumps
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(2) _urbine-Drive and Start 3ystems

(3) Throttling Fethods

(2) Ignition Systems

A brief description of ,co_on turbopump failure-modes is given, and possible

remedies for each mode are suggested.

Leakage past the primary shaft-seals is a frequent occurrence. This problem

is more prevalent in cryogenic systems. The greatest reliability gain

in this area can be achieved by emplosJ_ng a double-seal design with

adequate p:ovisions for drainage between the seals. Reduction of fluid

pressure at the seal face, by suitable choice of various clearances, can

also improve reliability in this area.

2earing-lubrication failure results from _n inadequate flow of lubricant.

Furtiernore, inadequate control of lubrics_nt flow can, in the case of
L

excessive flow, lead to a failure-pzod_cing pressure-buildup in the pump

casing. Therefore, special care mast be ta_:en to ass_:re lubricant flow

is within acceptable limits.

Pump overspeed, resulting from cavitation, can result in catastrophic

turboFumP failure, keliability in ti_is area can be improved by adequate

control of pu_c NP_: or by use of an overspeed detection device.

13
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System contanination is a cause of numerous failures. The frequency of

this mode of failure can be reduced by the proper" use of filters. Care

in assenbly, and rigid inspection are also helpful in this regard.

Hu_nan error contributes to many malfunctions. This mode can be reduced

by enp.lo2ing designs t_,at minimize ti_e human role in assembly and

utilization of the turbo_ump, and b$" careful inspection.

T_zbine-Drive and Start Systems

A list of some possible combinations of turblne-drive and start systems

is presentedj %hese systems are ranked with regard to reliability. The

original data-_re generated for a thrust level of 5OK using LO2/LH2 as

propellants, and were based on 6 engine starts. This is followed by a

brief general discussion of start-system reliability.

The ranking presented below should be a good guide for LF2/LH 2 systems,

and a fair g_ide for _:Oi/': H -UD_:q(5C-50) syst,ens. The system corn-2 _ "2"ll "

binations are listed below in order of decreasing reliability.

Turbine Drive Start

(I) Thrust-chamber cooling- Gas spin

jacket tap-off I

(2) Thrust-chamber tap-off Gas spin

(3) Thrust-chamber tap-off Start tank

lh
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4
(4)

(5)

(6)

(7)

(S)

ii0)

(11)

(!2)

Thrust chmmber cooling-

jacket tap-off

Bipropellant gas-generator

Bipropellant gas-generator

Bipropellm_t gas-generator

Bipropellant gas-generator

Thrust chamber tap-off

Dual gas-generators

Thrust chamber cooling-

Jacket tap-off6

Bipropellant gas-generator

Xonopropellant gas-generator

Tank head

Start tank

Gas spin

D:onopropellant gas-generator

Solid-propellant spinner

Start tank

Solid-propellant spinner

Solid-propellant spinner

Selection of a start system for any particular engine, e._pecially where restart

capacity is involved, may (of necessity) be influenced to a great extent by

other system features. From a reliability standpoint, however, the optimum

system, when feasible, is tank-head start. _ormslly, it requires only com-

ponents that are already in the engine _nd/or vehicle system. Pressure-fed

system_ a:e natur&lly of this t_e. ilo:,:ever, this method cannot &l'_ays be

_:sed for pump-fed system, s, so one of the follow_-ng systems is frequently used.

The solid-propellant gas-generator (S.'OO), also designated turbine spinner,

repzesents the most reliable of t_ese start systems for single-start applica-

tions. It possesses maximum si_licity and has proven to be an extremely

reliable system in _.ocketd2me engines. It is not particularly adaptable to

multiple-start systems however, without a significs_nt increase in system

co_-rplexity and consequent degradation of ti_e inherent high reliability.

15
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In engines where LH 2 is used as the fuel, spin-start of the turbine using

e)_anding gaseous-hydrocen is hi[hl'/ reliable, particularly w:lere multiple-

starts are required. Its performance in the Rocketdyne J-2 engine has been

very satisfactory.

0 ..... sta/-t "_-_---,sso_,_ u_i!izing hot-Kas from a gas-generator for initial spin

of the turbine, are quite reliah!e and are _ithin the current state-of-the-

art. >[any variations ca_ be devised using _-Dnopropellant or bipropellant

!iqu'Js, or h_hrid systems for gas-generation. Reliability of these systems

can vary" sub_t ....._lal]y de_ending on system complexity _nd propellants. The

slart-syste_s of systems 501, 302_ 303, and 3oh of this report illustrate

this t)_e of application. These systems, like the gaseous-hydrogen spin-

start, are adaptable to multiple-start systems.

Throttling M_B

In considering tDmottlLng of a liquid-propellant engine, the more feaslb]e

......ous fall into 3 general categories:

f
(i) Flow control _pstrea,_ of injector

_2, injection area control

(3) ProDellant density control

=ach of these throttlinc systems _n/st be provided ;ritn the proper signal or

si_na!s to o[erat_ through a servo-systen or other means dependent on the

ie[ree of throttling required. For the purposes of this discussion, we can

con_id_r this f_nction to be external to the control system under study. For

a particular throttlin[ range or control requirement, the reliability of the

s_¢stem required to provide these signals would be essentially the sa_ for all

the systems.

16
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In addition to thisj a system of valves, actuators, gas-storage bottles,

etc. is required, dependent on the system under consideration; these

are the c_mponents that will be considered in this discussion of throttling-

system reliability.

Six basic systems will be considered; these ares

(I) Momentum exchange

(2) Inert gas injection (in main lines)

(3) P.ain-line valve with inert-gas injection

(h) throttl ,ug-valve

(5) _vahle-piatle injector

(6) itot-ga  glectton ( =axa Lh e,,)

These systems are compatible with either a pressure-fed or a pump-fed

system. In addition, the pump-fed system presents another feasible

method for flow control upstream of the injector by control of pump

speed as indicated in proposed systems 102 and 202.

For optimum throttling-system reliability, the control system offering

the smallest increase in complexity and/or number of significantly

unreliable components is, generally speaking, the one to be selected.

For the above systems, this is represented by:

(a) Control of pump speed (applicable to pump-fed only)

(b) Simple momentum exchange (see below) I

17
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(c) Main-line throttllng-valve

(d) Inert-gas injection in main lines

(e) Hot-gas injection in main lines

l_ere these systems are adequate for the required degree of thrust-level

control, they provide the minimum decrease in overall system reliability.

_._ere increased throttling range or more rigid throttling control is

required to perform the deslgnated mission, the complexity of the throttling

system necessarily increases---with a resultant decrease in system reli-

ability.

The momentum excham_ system ((b) above) serves as a good example of

this _actor. _i:_le momentum-exchange system, consisting of 2 on/off

valves and 2 _o_tte valves in conjunction with a momentum-exchange in-,°...........

Jector (a relatively _imple injector) presents an extremely reliable

system within certain limits of thrust-level control. Increased throttling

requires the addition of 2 more throttle valves and 2 gas-lnjection

valves to the systez, consequently decreasing reliability. If deeper

throttl_ng or more rigid control is required, an optimum momentum-exchange

system utilizing control of mixture-ratio in addition to the above-

described system is necessary. The increased complexity of this system

further degrades reliability, but for optimum control of thrust level,

the trade-off must be made between reliability and performance ar_, if

applicable, other parameters such as weight, cost, etc. "

FOP_ g,O_ _ (: FO_EW, REV I 58
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Main-line valve with inert-gas injection is another example of increased

complexity (being a combination of (c) and (d) above)_ resulting in

reliability degradation, but providing deeper throttling and closer

control of thrust-level than either (c) or (d).

The movable-pintle injector presents tZue least reliable of the aforemen-

tioned systems. This is due to the increa_ed complexity of the control
J

system required for its operation.

19
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I_nition S_ystems

Discussions are presented for 5 clas_es of ignition systems. These

discussions are based on c_rent, feasible state-of-the-art.

From the standpoint of reliability, the optimum ignition system is one

in which the system propellants are hypergolic, or self-ignltlng an

contact. However, system performance or other considerations frequently

rule out this possibility, and an ignition device must be provided.

The most reliable system of this type is a hypergolic slug, sequenced to

precede one of the system propellants into the combustion chamber, thus

assuring ignition upon contact with the other propellant. This method i8

widely used on current Rocketdyne engines and has proven extremely re-

liable. It is, ho_:ever, primarily adaptable to single-start systems.

Its use in multiple-start applications results in increased complexity

and a consequent degradation of the _high inherent reliability.

A somewhat sim//ar ignition method which is more readily adaptable to

nultiple-start systems is catalytic ignition. This provides a greater

overall system reliability than the more complex hypergol system. In this

analysis, systems lO1 and 102 are representative of this choice, and as

roach possess optimum ignition-system reliability potential.

2O
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Other ignition _ethods are the _se of an Augmented Spark Igniter (ASI)

system (consisting of spark exciter, monitor, spark plugs, and associated

wiring, etc.), or the use of spark plugs onlj to provide propellant

ignition. The A.S.I. system can be developed to a very high reliability

level by the use o£ red_ndancy, consisting of dual exciters,dual mon-

itors, and dual plugs. This redundant A.S.I. system is particularly

ada_'table to a ,_ultiple-start system.

Another ignition method considered is the use of pyTotechnic igniters;

these have been used extensively in various sFstems, but have proven

some'./uat less reliable than the other systens discussed. Here again,

these igniters are not readily adaptable to multiple-start s_tems.

FUNCTIONAL .ZT_LYSIS

Functional _nal:Tsis for t:_e basic systems was initiated by defining the

general syste_ require_ents. For spacecraft this meant systems that

were tnrottieable -_ -_ .... >'_ I), _-_,,e_. _. bcc stets non-tL_xcttleable

single-start systems were to be considered.

Starting with the above specifications, effort was directed at defining

the nominal feed-system configurations , that is, systems that were known

to be feasible for each propellant combination, and _z_ich were reasonably

representative of optimum conventional systems. Based on this evaluation,

the feed system characteristics listed in Table I were selected.

_OR_ 608 _ _[UOGER; _EV, I 58
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TABT._ 1

S_ACF2R_-'T(_m_sT= _OK)

Cz)

(2) _2/za2

(3) N2OLv/N2H4-UD)_(50-._ ))

Centrifugal Centrifugal

Centrifugal

Centrifugal

Centrifugal

Centrifugal

Co_mentq

Direct-drive turbines with

pumps on separate shafts

Direct-drive turbines with

pumps on separate shaft8

Direct-drive single turbinm

with pumps on a common shaft

BOOSTm_(z_m_s_= eO

(4) z,o2/z_z

(5) _z/_--1

Axial Centrifugal

Centrifugal Centrifugal

Direct-drive turbines with

pumps op sepmrate shaft_

Direct-drlve single turbine

_-lth pumps on a common shaft

*_s used in _hrottleable systems will utilize pre-whirl to minimize

NPSH requirements during throttling (Ref. 2 ).
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For purp_oses of initial concept comparison, it is assumed that multiple

fuel or oxidizer pumps are not used. It should be noted that the optimum

number of p'_._ps for a 6.'.:pound th_ast engine has not been established;

however, a study to define this number is currently being conducted at

F.ocketd_me as part of another program.

Leview of t:.e Fossib!e systems which could be def,.ned using Fig. I and

the data presented in the Reliability Section, indicated that use of the

following functional concepts _ould tend to reduce system comclexity, and

i,_prove reliability:

(I) Combustion-chamber tap-off

(2) H}_ergolic main propellants

(3) ?res_-_re-!adder for valve sequencing--esing fuel and/or

oxidizer for valve actuation
l

(h) Cas-scin start (for restartable syste-ns)

(5) )iot-gas spin, solid spinner (for single start syste.ns)

(6) Variable line-pressure-drop for thro'ttlable systems (throttle-

valve in the tap-off line)

The applicability of all of these concepts to the propellants being con-

sidered in tnis program is not obvious. In p&rticular, two questions

have been raised during the course of this investigation:

(i) Can cryogenic fluids effect acceptable valve actuation?

(For use in pressure-ladder sequencing)

23
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(2) Can the LO2/it°-i and LO2/LH 2 propellant combinations be made

hypergolic :_ithout gross modifications_

An investigation of the Fossibility of actuating valves with cryogenic

flui!s has indicated ti'at the primary potential problem area is associated

with 2base ci;anges of' the actuating fluid during valve actuation. This

could cause irregularities in valve-actuation ti,mes. Experimantal work

(done at Kocketd}me early in the F-I program) indicated acceF,table valve-

actuation could be aci_ieved using a crjogenic fluid. In addition,

Rocketd:_e's J-2 engine currently uses liquid orjgen to actuate the

con_rcl valve for t!:e main oxidizer valve; operation of this valve has

been satisfactory. Based on these data, it has been assumed t>_at cry-

ogenic fluids can be successfully used for valve actuation.

._wo -ethods of raking the LO2/LH 2 propellant combination hy_ergolic are

cur:-_t!y being considered in the industry: (I) Addition of fluorine to

the :xTgen, and (2) A_zition of ozone fluoride (03F2) to the oxygen.

_ecer.t e_erL-.ents (kef. 3 ) _dicate that approxizately 35% LF 2 added

to LO 2 is required to ._ke this combination hypergolic. Data on O3F 2

indicate 0.05% is sufficient for h>Tergolicity. No further consideration

is given to tr.ese additives. It is felt that to consider the addition

of 35_ LF 2 to the LO 2 is outside the scope of this program, since it

would constitote a rmjor cr.ange in propellants.' The use of 02F 2 is not

consi_.ered to be co_atib!e with the progra_ objective of operational

24
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si_.licity because of the logistics problems that could arise from its

use. These difficulties stem from two properties of 03F2, namely, itsw

approximately 18 dec"half-life and its tendency to deco,pose at te_peratures

o_e.__, higher than iO 2 temperatures.

FurtherTore, insofar as s_'stem concepts are concerned, should L02/LH 2 be

,_ade h}Ter_o[ic by use of some additive, it could then use concepts

evolved for the naturally h_ergolic conbination, LFJLH 2. Thus no

?ro_ising concept is neglected simply because it is peculiar to hyper-

golic systems.

:;ork at _ocketd_"ne _dica_es tha_ 02/F3-1 can be made hypergolic by the

addition of 5% "to 6% of fluorine to the oxygen. The gain in simplicity

for _ost 02/P2'I systems (single-start booster engines) is probably not

_o .....ed, since _u i_nition failure for such a booster would not be

cata_ tro_hic.

;.s a part of this investigation of i_nition-systen simplification (with

e_nasis on "'_ - _ " """ " of_j_erso_Icl_y) the use an iEnition device utilizing the

_rinciF!e of catall_ic ignition of ox_;_-en and h$'drogen was considered.

• - "_4
7his device could consist of _m lhnl_on c!,anber and a catalyst bed.

Ox$:gen and hydroEen burning in the small ignition chamber would be used

to ignite the main propellants. Considerable work has been done at

Y:ocketd_e with such devices using research-t_e hardware. Ymre recent
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experience includes design and test of such a device for the J-2 engine.

Indications are that this t_Te of ignition system can be designed to

function _ith high reliability. For this reason, its feasibility is

6

_ resumed for the purposes of this study.

CONCEPT DEFINITION

in the paragraphs that follow, briei descriptions and explanatory notes

will be presented for a number of system concepts that have been defined

and rated. The operational simplicity, reliability, and weight ratings of

these basic s_stems are subsequent!_v presented and discussed.

_ecause the operation of many. of the systems presented in Figs. 3 through

20 is similar, complete descriptions will not be given for all the systems.

The primary evenls in the start sequence for system I01 are as follows:

(i) Electrical start signal opens the normally closed start-tank

valve (STV), and closes the normally open oxidizer cut-off

valve (OCV)

(2) Gas from the start tmnk accelerates the turbopu_ps and pressure

starts to '_;ildup in the main lines.

(5) Main fuel valve (:_$) is opened by fuel pressure in the main

line; the igniter oxidizer valve (mechanically linked to the

main fuel valve) is opened; lines start to prime, and propel-

lants start to burn in the catalytic ignition-chmnber,
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(_) I[nition stale is achieved.

(5) IEnition-stage chamber-pressure opens the main oxidizer valve,

and chamber pressure starts to rise.

(6) Pressure switch (PS) in the tap-off line is acguated by the

pressure from the chamber indicating the system is ready to

bootstrap; actuation of this st-itch (which is electrically

linked to the sLart-tank valve) de-energizes (closes) the

start-tank valve ($TV).

(7) ?he system bootstraps, and mainstage ensues.

(8) The start-tank is refilled from the t_u_st-cha_;cer cooling

jacket.

The cut-off sequence is:

(I) Cut-off siEnal 6e-ener[izes two solenoid valves: the oxidizer

cut-off valve (0CV), and the start-tank v_Ive; the latter was

_Iready de-ener[ized by the pressure switch in the tan-off

line, _dt this additional open switch in the circuit is re-

quired to prevent the valve from opening _nen the pressure

switch is deactuated by decajing tap-off pressure.

(2) De-ener[izing the 0CV sends oxidizer to t:_e closing ports of

the I_DV, thus closing it.

(3) Chamber pressure decajs, anl the _ein fuel valve closes; cut-off

is effected.
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_j_em 102 is identical to system lO1 except f_r the addition of a hot-gas

tNrot_!ing valve in the tap-off line, and a se_:o motor for actuating the

valve.

System 103 differs fro_. I01 in t,_mt it is a single-start system which

uses a s31id-propellant spinner (SPGG) for starting, a h&_ergolic fluid

for la,_'-_*'_lon,and a squib-actuated valve for zutoff. The start signal

ign,ites the solid-spinner, and after the igniter oxidizer-valve (IOV)

is oFened , oxidizer' pressure builds up in the h_,Tergol cartridge until

t:,_ burst diaphragms are 1_Ft1_red; h&_ergol f3zid then enters the

cha=ber, _nd is followed by i[_itel oxidizer, _uZ ignition stage ensues.

The e_toff signal_ actuates a squib valve (OCI-] which a!lows oxidizer

from the main line to go to tile closing port of the main oxidizer valve.

Decaying fvel-?u:_ discharge pressure closes the main fuel valve, thus

e ffecting cutoff.

92,'sten iC'a is identical to i01 except for t!-e a//ition of a reciprocating

ri_ttn cressure-intensifier (9!) on the start--.u_k recharging line. ._his

_mu!i allow the start tank to be charged to, a nigher pressure tnan is
L

a_ailahle directly from the t;_I_st-chamber "_co2-_ng-Jacket. This could

effezt re_actions in start rice, and system size and weight.

o_'stem !C_ is identical to lob except that a _ressure reg"alator (PR) is

used to reg.!ate the start-tank diseharge-p:esrcre. This could improve

starting characteristics, and eliminate the need for high-pressure tuzbine-

3O
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inlet manifolds, which _ignt other_ise be necessary for systems using a

pressure intensifier.

System 201 differs from !01 in that the main oxidizer-valve and main

fuel-valve are mechanically linked, and no igniter valve is used. No

igniter valve is required because the propellants are hsTergolic , and

both are cryogenic.

System 202 is identical to 201 except for the addition of a hot-gas

timottling valve in the tap-off line.

5yste_ 203 differs from 201 in t_at a press_.::e intensifier is used in

the start-tank recharEing line, and a +wo-staEe fuel valve is _sed. In

this concept the fuel v-_Ive opens in t_ steps; the second step of

opening is ]inked to the main-oxidizer valve. The second step cannot

occ_:r until an appropriate te"_eratnre is sensed at the fuel injector,

_hus indicating that the fuel systen has been FrJ_ed, _nd if required,

adequately c]_i]]ed down. This ?rcvides a fle_ibi!ity t::at could be

required for suitable f,_e! l£ad at i_T.ition, and rre-ignition chill

down.

3ys*em 20h is identical to 203 except tl':ata presmz:e regulator (PR) is

used to regulate the start-tank disci,arge-pzessure.
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System 205 d__ffers from 201 in that it has no oxidizer turbopump. It

utilizes a condensing jet-pump (see section on concept evaluation) to

pump the oxidizer.

fluid is not shown.

A gas generator for producing the Jet-pu.p drive-

The primary events in the start sequence for system 301 are:

(I) Electrical si_jnal opens tSe normally closed start-tank valve

(STV) and the _o_ally closed (NC) flow paths of the main

control-valve (MCV),

'_2) 5tart propellant enters the gas generator and start to

decompose,

(3) Gas-generator gas accelerates the turbopump and pressure

starts to build up in the main lines,

(h) The main fuel valve (_'_V) is opened bZ fuel-pump discharge pres-

sure, and o:_i[_izer igniter lqow passes through the :,_CVon its

way to t_,e ti_ust chamber,

(_) -h_e! flow a_ i_niter-oxidizer flow enter the thrust chamber,

and ignition is established,

(6) Ignition-stage cha_,ber-presm_re" (sensed through the fnel-inlet

manifold) opens the _ain oxidizer valve, and chamber pressure

starts to rise_

(7) Pressure switch (PS) in the taD-off line is actuated by the

pressure from the cha_oer indicating the system is ready to

hO
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(8)

bootstrap; actuation of this switch (which is electrically linked

to Cue St"J) de-energizes (closes) the STV.

The , _s_s_e_, bootstraps and mainstage is established.

System 302 differs from 301 in that a bi-propellant gas-generator start-

system is used instead of a monopropellant system.

System 303 is identical to 302 except that the bi-pxopellant start-tanks

are sized only for a single start, and are refilled during mainstage

operation for the next start.

System 30h is identical to 301 except for the addition of a hot-gas

throttling valve in She tap-off llne.

System 305 differs fron lO1 in that it uses stored tap-off gases for

turbine power during start. These gases are extracted from the tap-off

line during engine operation; the pressure intensifier (PI) is used to

increase the stora[-e Fressure above that available from the tap-off line.

System 30£ is a pulsing-engine system. The pulsing engine is a pressuze-

fed, high ch_ber-Fressure, low tank-pressure, pulsing engine (see

section on concept evaluation). The propellant valves are sized so a

"large" _ount of pro cellant flows into _e chanber before chamber pressure

starts to rise. .h_ orocellant valves are closed, ignition occurs, and

chamber pressure rises to a value much higher than the tank pressure.

h8
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Chamber pressure decays, the propellant valves open (admitting a new

charge of propellant.), and the e_le is repeated.

System 307 is identical to 305 except that it does not use a pressure

intensifier in the start-tank recharging line.

System hOl is very mnch like the 02/H 2 booster system, system 103. It

differs in that igniter fuel is used instead of igniter oxidizer; i.e.,

the main oxidizer valve opens first, whereas in 103 the zain fuel valve

opens first.

___TING A_D SLLhSTION

The basic systems defined in the preceding section have been rated (rela'

tire to one another) for operational sinFlicity, weight, and reliability.

In addition a n_mber of modified configurations (designated systems

!OI-A, 1Ol-3,_etc.) have been rated. These _odifications were made to

increase reliability, and are described in the footnotes to Table 2 .

The purpose of this rating was to determine which ss-stems were "optimum"

on the basis of the above criteria. In defining overall ratings, the

reliability ratings were we-gi_ted (as described below) to determine if

this altered the ranking of the various systems.

Operationa!-sim_licity ratings were defined on the basis of: (I) the

number of rnjor system components, (2) the murder of events in t_ start

h9
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sequence, and (3) the number of events in the cutoff sequence (simpler

systems have higher ratings).

The detailed ratin[ .method consists of assi£uulng a separate percentile

rating to each system in each categoxD r (operations/ simplicity, etc.). That

is, all the syste_ are rsnked (in each category), and a system's percen-

tile rating indicates _ilat 'percent of the total number of systems ranks

below it. The unweighted over-all system rating is simply t2,e average of

the three (one for each category) percentile ratings. _Jeighted ratings

are obtained by ,_ultiplying the three ratings by suitable factors, _then

cor,?utin_ the over-all rating.

For example, consider a system naving unweighted ratings of 60, 70, 80

for operational si,_49Iicity, weicht and reliability, respectively. Let

us base tne wei[hting on reliability being 1.5 times as important as

o_rational si_!icity, and low weight 2.0 Lir£s as i--_ortant as

o?erRtional si_licity. Unwe!ghted and weighted ratings would be computed

as shown below:

Unweighted (i.e., equal weighting)---

1(60) + 1(70) + 1(80)
?,ating = " 70

l+l+l

Weighted---

I(60) + 2(70) ÷ 1.5(80)
iating = = 71.I

1+2÷1.5
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Ratin£s for the basic systems and modified systems are presented in Table

2 . The results of weighting reliability" by a factor of h.O, and oper-

ational sLmplicity and welfht b_ a factor of 1.0 are also shown. This

weighting was considered because it is anticipated that t:_e desire for

greater reliability is the factor likeliest to affect s$stem selection

for the types of systems considered in this program. In addition, it was

found that the factor of h.O was the smallest value that would alter the

system rankings based on over-all ratings.

As can be seen from the data in Table 2 , the variations in over-all

ralings anon6 an$" basic system and its modifications are small. For

e_pl_, consid_rii_D'_tem 2Oi and its t'_ _odifications, 2OI-A and 2OI-B;

the range is 6_._7 %o 71_35 for the unweighted and 59.31 to 64.87 for the

weichted ratings.

Fecause the ratings are so similar for the various basic syste:_ and their

modifications, only basic systems have been selected for prelim_inary-

desJcn and layout. It is aFparent fro_ the nature of the modifications

that integration concepts evolved for the basic configurations should be

readily adaptable to the modified confi_urations, so no real lim_itation

results fro_, using the basic sjstems in this manner.
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OD}[CEPT I_ .... _:.TIcN AND EVALUATION

;_alytical _nd design investi_:_ions and evaluations have been made for

a number of concepts including those selected in the preceding section.

_alytical investigations generally consisted of determining feasibility

and performance, and of makinz ?ayload comparisons with more conventional

sys terns.

Design investiKations consisted primarily of investigating means of

p:_jsicallj inte_ratin£ components and subsystev.s for the more promising

basic systems.

_O}Z';AL PAP_-_TER SELECTION

;!ouinal values of t_rust, cha-h=_r pres_-ule, and mixture ratio were

selected to provide a basis f_r 3izing various cerements d_rlng con-

c_/t evolution. _ao sets of nz-lnal values of thrust, ci:amber pressure,

area ratio and mixt'_re ratio ;c_r¢ selected; one for sFacecraft , %he other

for boosters. The selected values are listed in Table 3 and are dis-

cussed below in some detail.
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TABLE 3

Propellants

SPAC£CPJtFT (Tiff_JST = 4OK)

I

Chamber Pressure Area P_tio _._ixtu re Ratio

_2/_H2 50O

LF2/nH2 50O

.':2c,J'_;2_4-L;D._(50-50) 50o

z6o 5.5

18o IO.O

165 2.1

BOOSTERS (THRUST ,, 6M)

LO2/U_2 1800 45 5.O

LO2/,SP-I 2200 55 2.24

The thrust-level of 40K for spacecraft was selected because it is a

value frequently mentioned as appropriate for a high-energy upper-stage

enrine. Furthermore, this is a thrust-level which is reasonably repre-

sentative of both the smallest pump-fed spacecraft engines being con-

sidered today, and the largest spacecraft engines that can be used with

presently planned lower stages.

The cnarcber pressure of 500 was chosen because it is sufficiently high

to show a distinct size advantage over optimum pressure-fed syste_ and

high enough to give near-optimum payloads* (within one percent of optimum,

cased on /kV = I0,OO0 fps and F_W - 0.4
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Ref. 1 ). It should be noted that this chamber pressure may have to be

reduced for some nozzle configurations if regenerativeiy-cooled ca&tubers

are used.

Area ratios were selected to be consistent with a payload that was one

percent less than optimum (Ref. I ).

Yixtcre ratios were selected _sing the method of Kef. I wherein a

co,_romise value between the optima for frozen performance and equilib-

rium performance is chosen so as to minimize the potential payload

lOSS.

Basing the above selections on a payload that is one percent less than

optimtum, was done somewhat arbitrarily. However, it is felt that this

is justifiable, since the parameters are being used primarily for sizing

com_,onents, etc.

5ooster paroaneters were selected on a similar basis. The chamber presm_res
%

are a little lower than oDti.u_m values, in the interest of reliability;

ti,ese values _'ere chosen such that the required coolant pressure droy was

approximately equal to the cnmnber pressure.

NOMINAL FLOWRATES

;:ominal system flo_:Tates were determined for a reyresentative group of

basic systems +Jo provide data for use in sizin E individual components.

6O
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These flo'_ates are based on rass and energy balances for steady-state

operation of the listed systems.

Engine performance and flows, etc., are presented in Table 4 below:

TABLE 4

_; C.I+hE PERFOP_MA NCE

System 203 302 103 401

Propellants LF2/LH 2 h_0/50-50 ID2/LH 2 iD2/_2-I

Ie h37 •7 338.5 380.7 295.9

%

F hOK (VAC) h0K(VAC) 6M(SL) 6!.',(SL)

Nozzle Type Hell Bell Aerospike Aero spike

P 5oo 5oo i6oo 2200
C

c 18o 165 45 55

t,_,e i0.0 2.1 5.0 2.24

"_/oe _3.1 38.1 13,13_ 1_,020

"_,rfe 8.3 80.1 2627 6259

_t 91. h 118.1 15,761 20,279
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- engine specific-impulse

- en[ine t:!r-zst, vacuum (VAC) or sea level (SL)

- chamber pressure (psia)

- nozzle expansion-area ratio

- engine r./xture-ratio (oxidizer/fuel)

- total engine oxidizer-flowrate (Ibs/sec)

- total engine fuel-f!owrate

- turbine (s) flo_Tate

3tart Systems

A start-system analysis wins cede to esti,,nate relative start-times, weights,

_nd volumes for a number of possible ,_ultip!e-start gas-spin start-systems,

and to get an in.dication of the feasibility of the novel start system de-

__ (Fi_ule 21 ) could providesiinated tap-off gas spin-start. .a_s s-:'stem

an extrene!:: si_]e means of restarting an !:T0/50-50 sp_aceczaft system.

This syztem would extract fuel-rici: _ases from the thrust chamber and

store them in a pressure bottle for use in spinning the turbine for the

next start. 7he results of the analysis served to guide the more detailed

definition of the selected concepts. 7ne propellant combinations considered
%

were L02/I//2, Iz_2/LY.2 mud l:20h/_:2Hh-UDi?,(50-50). The systems were rated

on the basis of time required to stair (defined as 90_ of rated thrust),

62



pl_[ p, _m_ D BY

ME_ _ED BY

DATE

ItO(:l( I_:-I _ ID¥ 111_ i3

..... Fig. 21 .............

•Tab-elf Cas Spln-Start System

PAGE NO OF

63



I_1.0 C K ET DYr_IE
A DevlslO_ O_ NORT_ A_EAJCa'_ AV_AT'ON ;r_C

weight and volume.

For LO2/LH 2 and LF2/LH 2 systems, stored gaseous-hydrogen at 3000 psla and

hOO°k re&related to 600 psia durin£ start-u9 is rated highest. The high

storage-pressure is achieved using a reciprocating-piston pressure inten-

sifier to increase the pressure above that obtainable directly from the

thrust-chamber cooling-jacket. This system is sho'_m achematically in

Fig. 22.

For the _iT0/50-50 system, start-tank blo'_do;ms from pressures of iOOO

psia, 800 psia, _id bOO psia (all at 800°_) were all rated equally.

Since these data are based on a sys_e_ with a cnanber pressure of 500

psia, the first systems _muld require pres_re intensifiers as shown in

Figure 21 . Therefore, blow.own from 4OC _sia would be "optimum" based

on operational sim]lieity, weight, and reliability.

Table 5 contains a list of the systems analyzed:

Table 5

Propellants Presm_rant Ce_ erature (OR)

FR/H 2 H 2 _00

H 2 bOO

F2/H 2 1560

O2/H 2 H 2 bOO

H 2

_NTO/50-50 O_/H_-50 Ih608OO

Control

Regulated

_lowdown

Blowdown

Regulated

_lowdown

_lowdown

_lowdown
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Fol each regulated system, storage pressures of 12OO, 18OO, 2bOO, and

3COO osia _,'erecoosider_d. The bottle storage pressure was regulated

to 600 psia. For each blowdown s2-ste_, storage pressures of 600 and

12OO psia were considered with storage volu_nes of 2000 and hOOO cubic

inches each.

Start times, weights, volumes, _nd percentile ratings for the syster_

aae presented in Table 6 . it is of interest to note that the hydro-

gen system in spite of the lower te.-_erature than either hipropellant

sjstem (LO2/LH 2 and LF2/LH 2) provides a more ra?id start due to its

superior molecular weight and specific heat.

The analysis for the tap-off gas spin-start s}'stem described (in part)

above indicated that a hOK enEine could probably be started using

tam-off gases initi_llv stored at a te_erature of approxi-_tely hOO°F

_it.h the re-start occurring before the te;_erature drops below 70°F.

it r_av be that tr_c gases could be st_red at an even hiEher initial

t_::perature_ _i_ich _'ouid be desirable, since storage at LOO°F could

require cooling t:_e gases before storage. ?his was not investigated

during tills study. _iowever, further -work is req_:ired (see Vol. I --

Suggested Additional _,;ork) to substantiate ti_e rest lts of these analy-

ses. The pri_mry uncertainties involved are tap-off gas properties for

the conditions described.
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Pulsing _ngine

The pulsing engine is a pre_3ure-fed, high c}lmmber-presm_re, low tank-

p1esyare, pulsing engine. The prbcary features of the engine are check

valves near the injector and ;'lainpropellant-valves (Fig. 23 ). The

ci_eck valves are sized so a "large" amount of propellant flows into

the eha,-_ber before cnazber presrare buiYds up enough to close the check

valves. ?he propellant burns and the chamber pressure builds up to a

large value (considerably [reater thegn tank pressure) which closes the

check valves. Chamber pressure decays, the chec? valves open, and the

cycle is repeated. This corLiL=_ration probably represents the simplest

form this concept cou!! assume. A slightly less sL_ple configuration,

Fihure 2_ should be easier to test and develop. This configuration

operates Ln a si_i!ar fashion; the only difference be_-ng that propellant

flow is ree_dlated by an electrically actuated valve, n_valuation of

[_e pulsinz-en[ine concc?t was based on the latter configuration

(PiLate 2h ), aI_d consisted estb<ating perfor_.mnce and operating char-

8

acteristic_ for a range of thrusts.

_n!s analy_-is was conducted using a mouified start-transient computer

program with distributed-paraneter flow equations. All systems considered

had total propellant flow areas that were equa_ to the thrust-chamber

throat area.
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The results of this analysis are summarized in Figure 25 . These data

also indicated that the tLme -ave rage (effective) specific-impulse (for

the part of the cycle in which thrust is being produced) was 95 to 98%

of the maximum specific impulse obtained during the cycle. This assumes

that combustion at each transient condition is comparable to what would

be obtained for steady-state operation under the same conditions. Four

basic systems were s_nalyzed using the NTO/>O-50 propellant combination.

These systems had throat areas of O.1, 1.O, lO.O, and lOO.O in 2. From

the family of curves in Figure 25, it is possiDle to determine the com-

bustion cycle-rate and/or ignition delay required to obtain a given

ma_<_nun chamber pressure or maximum thrust. The time-average thrusts are

also plotted. Trends in all these system parameters can be readily

identified from this plot.

The effect of combustion-chambe_ geonetry was investigated by varying

the combustion-ch_nber characteristic length (L*) for one of the basic

s:stems. The effectsof this vs_-iation on _axi_ chanber pressure,

zax_n thrust, and cycl_ ra_e are sho_m in Figure 26.

The effect of variations in propellant-line size was also investigated.

It was found that, if all other system paraneters were held constant,

chamber pressure and thrust were directly proportional to total propellant

line area. The cycle rate is reduced slightly as the line area increases

due to a higher chamber pressu__e at the initiation of nozzle blowdown.
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For the system analyzed (AT = 1.0 in2 ignition delay = .004 sec),

doubling the total propellant line area, reduced in cycle rate from 50

to 45 cps while decreasing the total propellant line area by a factor

of _o increased cycle rate from 50 to 55 cps.

Fi_ure 27 presents the results of payload comparisons with optimum

pressure-fed systems at thrust levels of .>K, 2K, and 40K pounds. System

weights sm.d operating para-.eters were obtained from the UEngine Operating

Parameter OptLmization Program" (Ref. 1 ). As is sho_m, the payload

advantage increases with velocity Lncrement and decreasing thrust.

For the most pazt, the payload advantage over pressure-fed systems is not

appreciable. Howeve.r, the reduction in propulsion system size is substantial

(Figures 28 and 29 ).

The remaining fij_-es in this section contain parametric data used to

generate the s_-z_ary cumves (Figure 25 ), _nd are discussed briefly below.

Figure 30 presents a plot of maximum chamber pressure versus throat area

for parametric igu_ition delay. As can be seen the maximum chamber pressure

is a strong f'_nction of ignition delay.

Figure 31 presents a plot of maximum thrus_ versus throat area for

rarametric i_n_ition delay. A thrust of nearly 400,000 pounds is obtained
f

with a system which has a 100 in 2 t?_oat area and a .012 second i_omition

delay.
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Fi_unre 32 presents a plot of combustion cycle rate versus throat area

for parametric ignition delay. Cycle rate is a strong function of

the ignition delay.

Figure 33 presents a plot of time average ohrust versus throat area.

The chamber pressure required to produce the time average thrust (with

the same throat area and area ratio) in a non-pulsing engine is also shown.

Pre. s sure-Fed/Pumo-Fe.d System

_ze combined pump-fed/pressure-fed system has a potential size and weight

advantage over the gll pressure-fed system, and a reliability advantagm

over the all pump-fed system. The advantage over pressure-fed systems

results from the combination system having a higher optimum chamber

pressure. Favorable comparison with punp-fed systems results from elimi-

n-+_= the _nreliabilitv associated witln one of the turbop_mps. This

latter advantage appeared to be especially attractive for F2/H 2 systems

wherein the fluorine p_r.p could be elir_nated. .qlis could significantly

reduce the time and cost requ/red to develope a high chamber-pressure

(i.e., .higher than pressure-fed optimum) F2/H 2 system, since the current

"state-of-the-art" of hydrogen pumps is fairly well advanced. For these

reasons, a mission s_na!ysis and chanber-pressure area-ratio optimization

were made to comoare a pressure-fed and combined system using F2/H 2. This

optimization was made using the methods of Ref. 1.
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The results of the optimization portion of this analysis are presented

in Table 7 below. These data are based on a thrust level of 4OK, a

stage initial thrust-to-height ratio of 0.4, and a gross-velocity in-

crement of lO,O00 feet per second.

Table ?

Ootimum Parameters Pressure-Fed System Combined System

Chamber Pressure 90 120

Area Ratio 120

The effect of going to the combined system (instead of a pressure-fed

s_tem) is as expected, chamber pres_re and area ratio optimize at

higher values. This effect could be utilized in either of two ways.

Both the higher ch_._ber presstu_e a_ the b_igher area ratio could be used_

thereby Lmproving performance and payload --- this payload increase is

aporoximately 2.5% for the thrusts that ".-ereconsidered, viz., 4OK and

6OK. Alternatively, the higher chamber pressure and some area ratio

&mallet than optimism could be used to provide a propulsion system having

a significantly smaller volume; this system would probably still possess

a performance and payload advantage.

The attractiveness of this concept is, of course, directly linked to the

attractiveness of the payload gain and/or size reduction associated with

it. Under some circ,&mstances, these gains may be sufficient to warrant

utilization of the concept.
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In a similar comparison with an optlm_m all pump-fed system, the com-

bined system had an aoproximately 4% lower payload. Thus, inconsidering

the use of the combined system instead of a pump-fed system, one must

establish a tradeoff between reliability and payload.

A possible system configuration for this system is presented in the

Design Section of this report.

Gas-Drive Jet-Pump

The gas-drive Jet p_L_..pwas investigated as a possible means of obtaining

higher ch&nber pressures using a simple pumping device. It is, in essence,

a device which converts the internal energy of a pressurized gas to

kinetic energy of a liquid-gas stream, from which momentum can then be

transferred to the p_mped fluid. Past studies have resulted in consid-

erable knowledge of je_ pump operation, including the governing equations

&nd performance evaluation. E_eri_.ental programs have resulted in

component efficiency values and have uncovered important factors in hard-

ware design. However, no work has been done to date on the integration

of the jet pu_p into a vehicle-engine system. It was the intent of this

analysis to evaluate the utility of Jet p_mps and to compare them with

pressure-fed operation.
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It should be pointed out that there are many variations of the basic

f
jet-oump, of which only one is investigated herein. Results of this

analysis are not necessarily applicable to other variations.

The gas-drive Jet-pump as suggested by previous investigators (Ref. h, 5, 6)

can be represented by the block diagram shown in Fig. 3h.

The purpose of each of the components is:

Injector: _t[xes incoming hign-pressure drive-gas with

feedback hiEh-pres_are drive-liquid in much

the same way a propellant injector mixes fuel

and oxidizer.

Drive Nozzle: Accelerates the resulting two-phase mixture

to high velocity (typically 600 ft/sec) and

low pressure,

_xer: Introduces the p_m?ed fluid at low pressure,

causing a momentun exchange to take place.

Velocity is Lmparted to the pu_uped fluid.

Separator: The drive gas is allowed to escape while

the p_zped liquid and feedoack liquid are

deflected into the diffuser.

%
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Diffuse r: The d_mamic pressure of the fluid stream is

converted to static pressure. A portion is

then diverted to constitute the feedback

liquid, and the remainder flows out through

the discharge duct.

The equations for the operation of the jet pump ._L_ownin Fig. Sh hav_

been derived in Ref. 6 . With certain assumptions the equation for

"gas constLr.ption"is shown to be:

. -Ps w
(1)

where

PD

PS

PN

W

- drive-gas flow rate

= p_m_ped-fiuid flow rate (discharge)

= discharge pressure

= _action pressure (in mixer)

= drive-nozzle pressure (drive-gas inlet-pressure minus

injector pressure-drop)

- molecular weight of drive-gas

TN - nozzle temperature

PL " p_ped fluid density

Ro = universal gas constant (15ih (ft-lb) Ib-mole OR)

K - _omentum recovery factor of jet pump
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Furthenn_ore, K can be resolved into:

where

K1 - nozzle velocity recovery factor

K2 = mixer momentum recovery factor

K3 - mass recovery factor

Kh = separator velocity recovery factor

KD - diffuser efficiency

The assur,ptions incorporated in Equation (I) are.-

(1) PD - PN <<I00

(2) OptS.mum feedback ratio

both of which are easily attained. The K v_ues account for deviations

from ideal processes in the various components of the pump.

A large amount of theoretical and exper_nental work has been done

ezploying the described jet pump and the above equations. Theoretical

efforts have been directed toward rocket engine p_mping problems, i.e._

specific propellants, (Ref. 6 ), and toward more sophisticated

analytical mo_els of the components (Ref. 7,8). E_perimental work has

resul+md in a knowledge of attainable values for the recovery factors

(Ref. 5 ). %faile it is not practical to repeat here all of ths results

of these works, the more important conclusions may be summarized.
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(I) A gas-drive jet-pump can be readily started and operated.

(2) Fundamental Ikmitations restrict the momentum recovery

factor to K - 0.8 or less. Present technology sets it at

K - 0.6.

(3) The separator mass recovery factor K3 is .90-.95 percent

at best, indicatin_ that 5-10 percent of the propellant

flow is lost with the drive gas.

(h) Jet-pump gas-constumption rates always exceed those of

both pressure and t,arbopump systems, generally by a

factor of 2 to h.

(5) Jet pumps generally weigh only 1/2 to 1/3 as much as a

comparable turbopump.

(6) Jet pumps are inherently simple, and therefore may have a

rcliability advantage over turbopumps.

_ese facts indicate that the gas-drive jet-pump will not compare favor-

ably with a pressure-fed or turbop_mp system, although some adv&ntages

do exist. This conclusion must be dra_m primarily because of the pro-

pellant loss with the drive gas at the separator which has the effect of

decreasing specific impulse by %-10 percent, and because of the correspond-

ing high drive-gas consumption.

9o
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To determir_ how large a payload loss would be associated with the use

of a gas-drive jet-p_mp, a brief mission analysis and comparison was made

based on _u existing F2_2H 4 system.

A difference in the stage payload capabilities results from the changes

in component weights when the pressurized system is converted to use

the Jet p_. In addition, a decrease in specific Lmpuise results due

to the loss of propells_nt at the separator. These effects are summarized

wo Ae

below:

A W_T N Main tanks

A W=_ N He lium banks

/_ W= q _ ReSidual gases and vapors

Wjp _ Jet pumps

-AV/gols
Specific impulse

The algebraic sum of these te_u.s is then the payload difference between

the two sFst_ms. It is seen that changes in payload due to weight

savings are independent of mission requi_mments mud engine performance

if the initial _tage weight, We, is held constant. This is a good assump-

tion for a-_all changes in payload and specific impulse, and allows

straight-forgard evaluation of payload changes. The payload less due to

decreased performance (Is) is, however, dependent on the specific impulse,

wlocity increment, and initial weight. For this reason a velocity increment
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of 20,000 ft/sec was arbitrarily selected. The specific impulse of the

jet-pump system was taken to be 6% less than that of the pressure-fed

system. _[eight changes may be found by calculating the weight of each

component based on requirements of the jet pump system and subtracting

it from the corresponding weicht of the pressure-fed system. A weight

savings will then be positive and a loss negative. Briefly, it is

found that a weight savings results irom the lower main-tank pressure

and lesser amount of residual gases and vapors. Weight penalties result

from an increased amount of helium and the addition of the pump. The

decrease in Is, of course, results in a payload loss.

By assuming the following reasonable values of the parameters, the weight
f

differences and resulting p_yload dec_mase may be found:

K - 0.5

K3 = 0.94 (6% propellant loss)

PD = 300 psia

PS _ 40 psia

PN = 300 psia

TN - 306°F (oxidizer)

/_ L = 93.7 Ib/ft 3 (oxidizer)

/0 L " 62.4 ib/ft 3 (fuel)
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The weight values are calculated to be=

/kWMT " +318 lbs

/kWHT = -530 ibm

Z_wRs- + 25 ibs

ZIWjp - - 13.7 Ibs

wo Ae"Av/g°';'-- -233lbs

PL - -433.7 ibs

It is readily seen that large penalties are paid for the high drive-gram

flow-rates &ud the propellant loss at _he separator. This payload loss

is approximately 48%. This loss is, oi course, dependent upon the mission

/kV; the percent loss decreases as /kV decreases, and is approximately

12% when /kV = 10,OO0 ft/sec. For the jet pump to show better results, it

would be necessary to reduce the drive-_as flow-rate, thereby decreasing

weight penalties associated with the he±lure tan_; or to regain the specific

Lmpulse lost in propellant escape. The fondler requires further improve-

ment of jet pump operation, while the latter requires consideration of

methods of using the e_ca?ing helium and propellant. The suggested

techniques for usin_ the separator discharge are:

(1) Dumping it back into the propellant tanks, necessitating

an inducer pump in the feed line.

(2) Secondary injection in the thrust chamber.
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Im,provement of jet-pump operation may result either from improvements of

the individual cozponents of the gas-drive jet-pump, or from variations

of the basic cycle.

Based on the above analysis, use of the gas-drive jet-pump system instead

of a pressure-fed system does not appear attractive. Furthermore, indi-

cations are that the payload loss assoclatec with using a jet-pump system
I

instead of a pump-fed (centrifugal or axial) _ystem would be near 20%

(Av = lo,ooo).

Je _-F"_:P-F.ed/.Pump-Fed S_stem

Analysis of the gas-drive jet-pump (non-condensir4_) in the preceding

section indicated that the najor disadvantage of the jet-pump system

reslz]ted from the loss of propellant when separating the drive gas from

the liquid being pumped, in this section the condensing jet-pump is

considered. This is a concept wherein the drive fluid is completely

condensed and passes through the pump along with the driven liquid. This

eliminates the need for a gas-liquid separator and the loss of liquid

associated with it. Figure 35 contains a schematic of this type of jet

pump. The primary interest in the condensing jet-pump during this investi-

gation has been for pumpin_ fluorine in a combined jet-pump/conventional-

pump IF2/LH2 system, wherein the LH2 would be pumped with a conventional
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turbopump. In the paragraphs that follow, the operating principles of

the condensing jet-pu_p will be revie_ed briefly, and the results of a

study using such a jet-pump in a cozbir_d Jet-pump/pump LFz/LH 2 system

pro sented.

Peferring to Fig. 35 , pump operation can be described as follows:

(1) The drive fluid is accelerated as it expands

throuEh the drive nozzle.

(2) The drive fluid impinges on the suction fluid,

a _omen_um exchange ensues, and the drive

fluid is condensed.

(3) The high-velocity mixture of condensed

drlve-fluid and suction fluid passes

through the diffuser which converts the

velocity to static pressure.

The usual method of computing Jet p_-p perforrance deals with five

"processes" :

(1) Flow of the suction fluid into the mixing section.

(2) Expansion of the drive fluid.

(3) Momentum exchange between the drive-fluid and

the suction-fluid.

(h) Condensation of the drive-fluid by the suction-

fluid.

(9 Performance of the diffuser.
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The equation governing the suction fluid flow is the standard:

VSF = K1

where

vSF ,, suction-fluid velocity into the mixing section

KI = constant of proportionality

= pressure drop

Sim_larv, the equation describing the expansion of the drive fluid is

well kno.m s_ud has a good theoretical basis; it is:

vIl] = K2 "_N

where

_DG " velocity of the drive fluid into the mixing section

K2 = constant of proportionality

N = drive-fluid nozzle efficiency

/kh = dri_-fluid enthalpy cnange tDmough the nozzle

Mathematical description of the momenttum exch&nge represents one of

the greater uncertainties associated with jet-p,_p calculations. The

conservation of mcmenttun requires that the following equation be valid

in the m_ty_ng chamber:
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where

. _._ight fluwrate

vm - velocity of the mixture of suction fluid and condensed

drive-gas as it leaves the mixing section

This equation can be solved for Vm, giving ---

VDF ÷ /_v:_.
v m .- Cl

1 .,.p

where

Ci - i_,pact coefficient

7he Lmpsct coefficient is the big _n0wn; it is, in effect, a correc-

tion factor to bring the theoretical and e_er_ental Vm'S into agree-

ment. The condensation-process equation defis_s a m_uimum value of

zi_%ure ratio_ /u , that is required for condensation of the drive fluid;

it is ---

or

2_ Ahco1_"_2SFCpA_

C_ _T W_
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where

_hcoh3 ) = enthalpy change as the drive fluid condenses.

/kT = tez4oerature change of the suction fluid

from storage conditions to mixlng-section

conditions.

• The process in the diffuser is described by ---

=Pl. ÷ (I/2p D

PD = static pressure at the diffuser exit

_ = mixing-section pressure

= density of the mixture

D = diffuser efficiency

_rcvious investigators (Fmf. 9 and lO) have analyzed and experimented

_±th condensing jet-ptu-ps, but Lheir efforts have concentrated on

pu_pin_ efflciencies ar_ discharge pressures obtainable when using

vaporized liquid to pump a liquid of the s&_e kind. The effort of

this program is different in two respects:

(1) Gas-generator gas_s are used as the drive fluid,

(2) The jet-pu_ system is considered from an over-all

vehicle standpoint, rather than from the component

view.
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The former consideration eliminates the problem of insufficient energy

beln_ available for heating t_he drive fluid (when vapor is used). The

latter considcration focuses attention upon the relative over-all

performance of Jet-pump systems.

It is apparent from the preceding discussion oz the principle of the

condensing jet p_mp that the suction fluid (liquid fluorine) must be

sub-cooled before it mi_s with the drive fluid (fluorine-rich gas-

generator gases), since it must absorb enough hea_ to condense the

drive fluid without becoming vaporized itself.

A major problem associated with this concept is devising a method for

sub-cooling the liquid fauorine which __ll be relatively simple and

lightweight. A simple scheme consists of using the liquid hydrogen

(which is pumped by a conventional turbopump) to cool the fluorine in

a heat exchanger. This is sho_m schematically in Fig. 36 . A brief

analysis was made to estimate the required heat-exchanger surface

area. The r_sults indicated the required pressure drop for this con-

cept was exces_ive. Because heat-exchanger size and weight are strong

functions of the particular heat-exchanger design, it was felt that a

better approach to use in evaluating the jet-pump system was to con-

sider the weight of the sub-cooling system as a parameter. Thus,

the effect on payload could be shown as a function of the sub-coollng-

system weight, with the results being applicable to all types of sub-

cooling systems.

Fr)F_M _OO B ClFr)GFR, REV I _FI
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_E_Eo., _ .......... Fig. _6 ..................

.o_, _........................ Comb!peal Je t-P_D/p_p System ......

PAGE NO. Of

IrEPO I_ NO.

MODEl. NO.

Notes:

1.

20

e

LH 2

/
/

,I

LF 2

1

I
i Jet

Pump

|

I

H2 Turbopump driven by combustion chamber tapoff gases.

F2 is stored below saturation temperature in main tank and then
cooled further in a heat exchanger.

G.G. operates at a very high mizt_-e ratio. (_300)
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These results are shown in Figure 37 . These curves indicate what the

payload advantage is for the combined jet-punp/p_p I_2/LH 2 system over

_n all pressure-fed system as a function of velocity increment and

refrigeration-system (sub-coo!Lng system) wei_=ht. The refrigeration-

system weight is presented as a fraction of the total jet-pum_/pump

s_-stem inert-weight, where inert weight includes: propellant tanks,

structure, pressurant, pressura_nt storage-bottle, tP_rust chamber,

injector, pumps, lines, valve- =, and control systems.

The system parameters used for the combined jet-pump/pump system are

ot necessarily optimum; optL-_tzation may result _ lighter systems

and higher payloads.

The table below describes the two systems compared in Fig. 37.

Je t-Fumped/Pump System:

q%n-ust

Chamber Pre ssur_

Area Ratio

Propellant Zttxture Ratio (F2/H2)

Gas-Generator Pressure

Ga_-Cenerator Mixture Ratio (F2/H2)

Suction Fluid Velocity

]_xing Section Pressure

Impact Coefficient

Thrust/Vehicle Gross Weight

40,000 ibs

90 psia

130

i0

500 psia

3oo

6o ft/sec

14.7 psia

.65

0.5
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Pre ssure-Fe d System:

Thrust

Chamber Pressure

Area Ratio

Propellant N_ixture Ratio (Fz/H2)

Thrust/Vehicle Gross Weight

40,000 Ibs

90 psia

13o

IO

0.5

Subsequent paragraphs discuss the significance of some of the param-

eters listed above, and what effects their variations have on Jet-pump

discharge-pressure.

Drive gases for the fluorine jet pump ar_ supplied by the combustion

products of a fluorine/hydrogen gas-gener@tor which operates at a

high mi>%ure ratio (F2/H2). The high gas-generator mixture ratio is

desirable for t_o reasons:
%

(1) The gas-generator exhaust products contain hydrogen

fluoride ;:.hichis a solid at liquid-fluorine tem_r-

atures; the concentration of hydrogen fluoride

decreases with increasing mixture ratio, and it is

desirable to minimize the concentration of solids.

(2) The temperature and heat capacity (specific heat) of

the gas-generator exhaust products both decrease with

increasing mixture ratio, thus higher mi>%ure ratios

facilitate condensation of the drive gas.

lob



I.tOCK ETD¥ N !_

To condense the drive gases, the suction fluid must enter the mixing

section in a subcooled condition. The amount of subcooling is depen-

dent upon the heat capacity of the suction fluidj the jet-pump

_nixture-ratio (W suction fluid_ drive fluid), and the energy level

of the drive gases. A fluorine storage temperature of -355 degrees F

was used in this study. Fluorine freezes at -365 degrees F.

Drive-nozzle performance was calculated using Rocketdyne's propellant-

perfcr_uce computer-program. The theoretical-_.inimum jet-pum_

_ixture-ratio (obtained by an enth_lpy balance across the mixing

section) was increased by 100% to insure the complete condensation of

the dr__ve gases and to allow f_r the conversion of kinetic energy into

heat as the high-velocity drive-_ases are slowed in the mixing section.

This corresponds to the 33% increase used in Ref. I0. The properties

of fluo_lne and fluorlne/hydrogen cozbustion pr0ducts dictate the higher

n_ber. The diffusion process was assumed to have an efficiency of 90%.

Figure _8 contains a plot of jet-pump discharge-presSure versus mixing-

section pressure for parametric gas-generator mixture-ratlo. As can

be seen the pump-discharge pressure increases with an increase in

gas-generator mi_%ure-ratio. A practical upper limit of gas-ger_rator

mixture-ratio must be selected from mixture-ratio control and gas-

generator injection considerations. The curves in Fig. 38 are for

constant gas-generator pressure and consoant suction-fluld velocity. It

Io5



Fluorine Jet-Pump Perlormance

V Suction - 60 ft/see

P Gas Generator - 400 psia

Impact Coefficient - .6_
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Fig. 38.
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Jet Pump, Disck+arge Pressure vs }tlxing Pressure and
Drive-Gas _tixture Pmtio.
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should be noted that, for a constant suction-fAuid velocity, an increase

in mir&ng-section pressure is accompanied by an even greater increase

in tank pressure and, therefore, tank weight.

Figure 39 contains a plot of je%-pump discharge-pressure versus mixing-

section pressure for parametric gas-generator pressure. For a given

mixing-section pressure, a higher gas-_enerator pressure requires a

greater expansion of the drive gases. The greater expansion results

in higher drive-nozzle exit-velocity and, therefore, hlg_er pump

discharge pressure. An increase in gas-generator pressure is accom-

panied by an increas_ in gas-generator propellant supply-tank pressure.

This causes an increase in the weight of both the _as generator and

its supply tanks. The gas-generator supply-tanks are quite small,

howe_r, and it is possible that gas-generator pressures greater than

those preo_ented in Fig. 39 are desirable. It may also be desirable to

pressurize the gas-generator supply-tanks with a separate pressurant

supply. The main-tank pressurant bottle could then be exhausted to a

lower pressure Jith a resdltant saving of pressurant.

Figure hO contains a plot ol jet-pump discharge-pressure versus mixing-

section pressure for para_,etric suction-fluid velocity. A high suction-

velocity is desirable because it increases the efficiency of the

mozentum exchange between suction and drive fluids. This advantage must,

however, be weighed against the higher r,ain-tan_ pressure necessary to

obtain the higher suction-fluid velocity.
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Fluorine Jet-,Pump Performance

V Suction - 60 ft/sec

Impact Coefficient - .65

Driw Oas _txture P_tlo (Fz/H2) - 300

160

C_
v

Q
hS

152 _-"

12o /

f

/

,

112

lo ].5 2o 2_

].Lixtng Section Pressure (psla)

Fig. 39. Jet Put,p, Disc_rge Pressure V_s Fz4xing Pressure and Drive-Gas Pressure.
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Fluozlne Jet-Pump Performance

P Gas Generator - 400 psia

Impact Coefficient - .6_

Drive Gas F_xture Ratio (F2/H2) - 300
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The momenttum-exchange process between suction and drive fluids is of

primary importance in jet-pump operation. The final v_loclty of the

mixture of suction and drive fluids is obtained by applying an efficiency

or impact coefficient to the momentum-_xchange process. The effect of

this it,pact coefficient on pump-discharge pressure is shown in Fig. 41

Previous experiments (P_f. lO ) have obtaLued impact coefficients as

high as .75.

Shuttle-Feed S_tems

The ,_huttle-feed concept _rovides a means of obtaining high chamber
J

pressures _ithout using turbopumps. The shuttle-feed systems considered

are high chamber-pressure pressure-fed systems using 02/H2; the propellants

are expelled from =_all hi_h-preszure tanks by pressurizing with catalyti-

cally i_ted 02/H2. This section describes their operation and presents

an analytical evaluation of the concepDs.

are:

(1)

(2)

The three systems considered

Non-venting system (Fig. 42)

Non-venting system using pump-tank heat exchangers (Fig. 43)

Vent-to-_,ain-tank and &:bient system (Fig. 44)
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Fluorine Jet-Pump Performance

V Suction - 60 ft/see

P Gas Generator - bOO psia

Drive Gas Ydxture Fmtio (F2/H2) - 300
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)

All three of these systems have the following features in common:

(i) A gas-generator (catalytically-ignlted 02/H2 at 960°R)

(2) Shuttle v_Ive --- to control gas-generator flow

(3) Chec._ valves in the lines _rom the main tank --- to

stop reverse flow when pump tanks a_ being pressur-

ized by the gas-generator.

In the fcllowing discussion the first two systems are shown to be

infeasible; and the third is shown _o be Zeasible. Operating character-

istics of the feasible configuration (system 3) are discussed in more

detail, ar_ it is shown that aoproximately _% of the p_ped hydrogen must

be vented overboard during system operation.

Operation of these three systems is similar and can be described as

follows (starting the cycle with both pump tanks filled):

(1) Pressurant from the gas-generator ex_els propellant

from the first tank.

(2) Near depletion of the first tank, the shuttle valve

is actuated to direct pressurant to the second tank.

(3) The pressure trapped in the first tank is reduced

(each system uses a different method) to allow the

pump tank to be refilled from the main tank.

(4) Near depletion of the second tank, the shuttle valve

is actuated to direct pressurant to the first tank -N

thus starting a new cycle.
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The methods emplo_md in each of these systems to reduce the pump-tank

pressure prior to refil]_ing will new be discussed.

The non-venting system (system I) sprays LH2 L-.to the tanks to cool the

pressurs.ut; this LH 2 comes from the same high-- ressure source which is

used for the gas-generator. Results of the _ua_ysis for this system

(pl'esented later in this section) indicate that the pressure cannot be

reduced yafficiently to allow propellants to f__ow from the main tank.

g
The non-venting system using p_np-tank heat exchangers (Fig. _3 ) passes

the pu_.ped propellant from one pump tank through a neat exchanger to

cool the hot pressurant in the other pump ts_nk. The cooling of the

pressurant decreases the pump-tank pressure from bOO psia to below the

main tank pressure of 50 psia, thus allowing the pump tark to be refilled

with liquid propellant.

The third s_:sten (main-tank and &ubient vent) reduces the pump-tank

pressure by first venting to the main tank, then venting to a_bient

pres_ire (vacuum) to further reduce the pres_e_. Analysis indicates

this concept could also work.

Subsequent paragraphs present the analyses and evaluations of these

three systems.
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The following symbols will be used in the calculations below:

f (_bscript) = saturated liquid

v (_ubscript) = saturated vapor

T = temperature (OR)

P = pressure (psia)

v = specific volume (ft3/Ib)

h = enthalpy (btuAb)

hfg = heat of vaporization (btu/ib)

= specific heat capacity (btu/Ib OR)

In t_hese calculations the z,ain tank pressure is assumed to be 50 psia,

_"_e pressurizing gas in the pump t_nks is at a pressure of 600 psia and

a temperature of h00°R where:

v ,, 3.65 ft3/ib

h - 1298.6 btu/Zb

After the propellant has been expelled from the pump tank in Method (i),

an attempt is made to cool the h_drogen vapor to a saturation pressure

of h0 psia where:
I

T (sat) = h3.5_)R

hg - 88.0 btu/lb

hfg - 178.6 btu/lb

Vg - h.72 ft3/lb
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The sprayed hydrogen is asstum_d to De at a saturation pressure of 15.0

psia where:

T = 36.6°R

Cp = 2.25 btu/Ib OR

vf = 0.2266 ft3/lb

The weight of the hyurogen vapor that is left in the pump tank after

the propellant has been expelled is:

Volume of Tank
m _ 3

v at 600 p sia and 4OO°R
l.__q_o. o.2TU'Xb
3.65

•"he weight of the liquid hydrogen that must be sprayed into the pump tank

so the hydrogen in the ta_k will _ a saturated vapor at 40 psia is:

X _

m (h(600 psia, 400°R) - hg(40 psia))

hfg(40 psia) + (Cp(15 psia)) (Tsat at 40 psia - Tsat at 15 psia )

0.274(1298.6 - 88.0)
- - 1.71 Ib

178.6 + (2.25) (43.5- 36.6)

Therefore t_he total weight of the saturated hyurogen vapor in the pump tank

at hO psia is:

x + m - 1.98 Ib

118



ROCK ETDYr_/E

But the volume that 1.98 Ib of saturated hydrogen vaoor at hO psla

would occupy is:

VRequired = 4.72(1.98) " 9.35 ft3

Since the tank volume is only 1.0 ft3, _t would be impossible to cool

the hydro_en vapor in the tank to a saturation pi_ssure of 40 psi&.

Similar calculations for a pressuring pressure of I00 psia, i.e., for a

l_ger chamber pressure, instead of 600 psia are as follows:

1.0
m =-- - 0.0468 ib

21.40

o.oL68(1297.2 - 88.0)
x = = 0.291 Ib

178.6 + 15.5

x + m - 0.338 ib

Vpequired = 4.72(0.338) = 1.6 ft3

Therefore, even if the pressurizing pressume is reduced to ]DO psia, it

would be impossible to depressurize the pump _'_nks to 40 psla

The following calculations using hydrogen as _he propellant and an O2/H 2

gas generator show that the system 2 is infeasible. These calculations are

ba_ed on a heat-exchanger efficiency of 1OO%.
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In Case (I), it is assumed that no mi,_±ng occurs between the cooled

h_rogen vapor in the pump tank (Point C in Fig. 45 ) and the entering

liquid hydrogen (Point F). For Case (2) it is as_&_ed that complete

mixing occurs between the cooled hydrogen-vapor s_ud the liquid hydrogen.

%

For Case (1), the hydrogen vapor at Poiz_t A will be cooled by the heat

exchanger to Point B in an isometric process _ud t_hen to Point C in an

isobaric process (to an assttmed temperature of 60°R). ."_nepart of the

pump-tank vol_ae that could be filled by liquid h?_rogen is 1.0 - 0.085/

o.17o - 0.50 or 5o%.

For Case (2), the incomLug liquid hydrogen at Point F will mix with the

hydrogen vapor at Point C with the final state point of the mixture being

Point G. Therefore:

wF = :;cChc - _3/_ = o.265 I_c lbs

If no mixing occurs, the vol_e that 1.0 Ib of WC and 0.265 ibs of RF

would occupy is:

Wc
vl---+--- 5.95zt3

C F

If mixing occurs:

V2
G

" 4.81 ft3
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Therefore, if mixin& occurs, 1.0 - (0.5)(4.81)/5.95 = 0.596, or 59.6%

of t_hetank could be filled with liquid hydrogen. It now remaihs to

_etermine if the _uount of liquid hydrogen passing through the heat

exchanger is sufficient to cool the pressurant to 60 R as was assumed in

the above calculations. The liquid hydrogen at 400 psia (Point H) is heated

in the heat exe_anger to Poino I. The hyarogen coolant required for the

heat exchanger is:

WH -WA(h A - hc)/(h H - hI ) " 5.60 lbs

_at o_&y (0. 596) (_.0) = 2.38 lbs of liquid h3_rogen flows in one tank

cycle, therefore t#_ h3_rogen vapor at Point A cannot be cooled to Point C.
f

System 3 (Fig. Lh ) reduces _he pump-tanx pressure by first venting to

the pre_ssur&ut storage, and then to the amoien_ environment. A valve

(to prevent propellant from the main tank from flo_Jing overboard during

v_mting) is to be closed when the vent valve is opened; this valve could

mech&uically li_<ed to the ven_ valve.

_o _ethods have been used to estimate the amount of main-tank pressurant

_equired during operation of system 3. The following additional symbols

will be used in this discussion:

x = weight of pressurant required (lbs)

y = weight of vaoorized propellant (lbs)

z = weight of liquid propellant

Tank pressure - 50 psia
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A

In Method i, equili0rium is not obtained in the propellant tank (i.e.,

y :: o). •_en Tx = 400°R

Vx = 42.69 ft3/lb

x = 1.O/vx = 0.0234 lbs

In Method 2, y pounas of propellant vaporize to cool the hot pressurant x

to the saturation temperature of z.

Now

(x + y)Vy " 1.0 + yv z

x(h x - by) " y(hfg)

Therefor_ since yv z _ 0.0

1.0
X =

Vy(!.0 + (hx - hy)/hfg)

'_quen Tx = 400°R

Vy = 3.80 ft3/ib

hx - 1298.6 btu/lb

hy - 88.3 btu/ib

hfg - 172.8 btu/Ib

- 0.0328 ibs

- l.O/vy- x = o.23oi_

X

Y
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P_sults of both methods are shown in Fig. h6. Assuming that the incoming

pressurant temperature is 300OR, the weight of the required pressurant

would be bet._en 0.030 lbs to 0.046 pounds depending on the measure of

equilibrium reached in the main tsar. Figure h6 shags that the incoming

pressurant should be cooled to as low a temperature as possible to min-
k

imize the amount of hydrogen wnted overboard, and vaporized propellant.

This could be accomplished by using a heat exchanger on either side of

the pressurant storage-tank.

/

Because the attractiveness of this concept is greatly dependent upon

cycle frequency (for higher frequencies mean that smaller and lighter pump-

t_uks can be used), a brief investigation was made to determine cycle rates.
J

The cycle rate and p_mp-tank volumes determine the obtainable propellant

flowrate of the system. The cycle rate for a set of two tanks is:

CR = 1.O/((t I + t2 + t3) DP)

_fhere :

tl = tine required to refill pump tan_ with propellant

(sec) - Vol/AV

Vol = volume of one pump tank (ft3)

A _ cross-sectional area of 6"D pipe (0.196 ft2)

V - average velocity of relilling propellant (20 ft/sec)

t2 = time required to pressurize pressurant storage-tank -

0.I Vol (see)
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t3 = time required to vent pump-tank to atmosphere - 0.I Vol (sec)

DP = delay period adjustment - 1.1

Pesults are sho_ _n Fig,_e hT. These results indicate relatively

large inlet lines (and valves) are requirea if pump-tank size and cycle

rate are to be reasonable.

In system 3 it was as_med that no heat transfer occurred between the
f

incoming hot pressurant and the liquid propellant in the pump tank. A

pressurant final temperature was assumed and the _mount of pressurant

required to empty a full p_@-tank was the weight of the saturated vapor

that would occupy the pump-tank volume.

In the following paragraphs, the results of the variation of the gas-

generator combustion temperature and the assttmed saturated hydrogen-

vapor (pres_urant)tenperature were calculated considering heat transfer

be_'een the pres_rant and propellant.

A schematic of the system analyzed is shown in Figure _:8 . P_sults in

Table 8 were for a _0 deg. R gas-generator combustion temperature and an

assumed hydrogen vapor temperature of bOO deg. R. Fi_nlre h9 shows that

any change in the gas-generator combustion temperature has little effect

on the system results, if the assumed saturated h._rogen-vapor pressure

(after the primp tank is emptied) is constant. However, the weight of

hydrogen vapor that must either be vented to the main propellant tank
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TABLE 8

Identification ar.d Results (for Tc - 5hO°R, Th = 400°R)

Symbol Identification Weight (ib)

a

b

c

d

e

f

g

h

Liquid hydrogen entering gas generator

Liquid ox3-g_n entering gas generator

i'ydrcgen burned in gas generator

C)_,'gen burned in gas %enerator

E vc_rcL-en Fre_urant required to emFty

!_F tank

HzC leaving gas generator

Licuid hydrc[en in _-_._ tank vaporized

hy hot F.ros_arant

Sa<..:ra_,edhydrogen v_,or remairing in

]:_._.- _an_: after tLe 7ropellant has

beer. er:%tied

F._cre]lant r_L_.;-eiin one 7ur.p tar_: cycle

?rofellant required for gas generator

0.2062

o.o515

0.0o64

o.o515

0.1998

o.o58o

0.0742

o.27Lo
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or vented overboard depends greatly on the assumed saturated hydrogen-

I

vapor temperature. It can be concluded that the pressurant temperature

in the pump t_nk should be maintained at as high a value as possible com-

_atable with system design for optimum performance of the system.

The equations used in making these determinations are presented below.

A mass balance of the gas generator gives:

8. m C÷e

)'mc_- b/(_÷ e)

J =a+b

The stoichiometric mixture ratio for complete combustion of hydrogen

and oxygen is 8.0.

_ST = 8.0 = d/c = b/c

ZP_o = 8.0 c/(c + e)

C = e _'_GG/(8 -MEC, G)

f'c+d

An energy and mass ba!&nce for the pump tank gives:

h=e+g

e (he - hh) = g (hh - hi)
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As an example, each pump tank was ass_ned _o be 1.0 ft 3.

(e + g) vg - 1.0

g - l.O/(v h (i.0 • (hh - hi)/(h e - hh)))

e - l.O/v h - g

i - l.O/v i - g

DESIGN I;_VESTIGATIONS

The design investigations have been directed prLmarily at implementing

physical integration of engine-system components. In some mea_are, this

has required t_he consideration of over-all engine-system config"irations.

Methods of integrating various components and subs-jstems of the basio

systems defined earlier have been investigated. Prel£_inary-deslgn

layouts and/or concectua_ sketches of the evolved concepts are presented

in this section, and their applicability within the scope of tPis program

is indicated.

Systems

Prelininary-desigu layouts have been made for a nunber of the selected

basic systems, both spacecraft and boosters. The purpose of these layouts

was to provide direction for component integration, and in so,he cases, to

illustrate a particular _ystem concept considered in the analytical inves-

tigations.
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2,-_acecraft. Preliminary-design layouts have been made for representative

_;,-stemconfigurations using conventional and advanced nozzles. These include

__i_ngle-shaft and dual-shaft tu,rbopump systems.

Conventional Nozzles. Figures L9 and 50 contain layouts for space-

:raft systems using conventional bell nozzles.

--_e system shown in Figure Z_9is for a hOK NTO/50-50 engLne, and is

_ssentially based on system 302 (see Fig. L_ lot schematic). This

figure depicts the over-all configuration associated with the following

integration concepts:

(1) The 3-leg g£mbal system, wkich integrates gimbal, thrust

structure and propellant inlet ducts.

(2) Thrust-c>_ber uapoff for turbine gases.

(3) Integrated gas-generator start-system which integrates, start

tanks, gas-g_r_rators and several valves (Fig. 73 or 7h ).

(h) Integral main-propellant valves and o>ddizer igniter-valvB

(Fi . 62).

_-he thrust from the engine is transmitted to the vehicle through the

ui_ree-leg gimbal system. _ne three-leg gimbal _ystem consists of the

t_ust chamber and struts wi_h pinned or ball joints at each end. As

shown in Fig. h9, the system allows the engine to be gimbaled about a

point which is approximated by the initial intersection of the struts.

FC g_ "C_ B 'LEE',G{R_ r4EV I '58
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The gimbal point may be positioned as desired by hydraulically altering

the point of intersection of the struts. The .struts may be compressiom

members facing forward as shown or tension members facing rearward. In

the system shown, the propellant inlet lines are integrated into the

gim.bal struts. This allows the engine to be gkmbaled about its C.G. more

readily (with less complication of inlet ducting), thus reducing actuator

loads. The integrated gas-Generator start system is discussed further in

the section on subsystems and components.

This concept should be applicable to all the propellants considered in

this program. For the cryogenic systems, the 5_ncrease in heat-transfer

associated _th the use of multiple inlet lines coulc make the concept

less desirable. There is no inherent thrust-level limit on the use of

this concept. However, its applicability to large booster engines will

be greatly influenced by the particular propulsion-system packa6-e, es-

pecially _<ith regard to the use of adwnced nozzles.

Figure 5C contains a system layout for a _OK F2/H 2 engine based on system

201 (Fig. 8 ). The over-al_ package is repr_senta_iv_ of other dual-

shaft turboptump systems such as 02_ 2 systezs, In thi_ configuration the

turbop_qos are mounted horizontally. The turbine-exhaust lines from each

turbine meet arm flare into one line w_hich dumps into a ,_anifold at an

area ratio of o0. Turbine-exhaust gases are used to cool the nozzle beyond

r
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an area ratio of 60; the rer.a!nder of the ck_:ber is regenerat_vely

cooled _!th a 1-1/2-pass system.. The start t_2_ (gaseous Po*drogen

spin-start) is a toroidal tar_ mc_uted on the tbn-ust chamber at the

throat; it forms an integral part of the structural reinforcement for

the throat, integration of the sizable start-tank in this manner effects

a si[_.ificant reduction in !_ackage size. Tb_is advantage must be

_e__.ea against the asacciatod fabrication _rohlems.

Advanced Nozzles. Figures 51 through 55 contain layouts for

s?acecraft systems using advanced nozzles. All these systems are shown

with_ular nozzles, and toroidal combustors (Ref. ii).

Yi_are 51 is a layout of a iOK 02/E2 engine based on system I01

(Fig. 3). ?_--_._u:ns, -v_:_c_n_._......_ __ 5tart-t_nks, and aI__ the associated

csnrcn_nts are packaged _iti_in the center of the nozzle, and are

_nc!oscd in a _orous ...._:_"_u,n"_-:"_........_s" cooled _-'_,the turbine-eyJnaust

_ascs.

The fuel and oxidizer are r_u_ed to the _um 2 inlets tYwough a cylin-

drical manifold which is we!,Jed to the annular injector. Tb_is ms.nifold

is divided into a fuel _nd an oxidizer co::artment by a longitudinal

member.
%
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The fuel is discharged from the F&mp, directed through the valve

package and enters the injector manifold through the high-pressure

line running t_mough the fuel compartment.

Figures 52 and 53 depict a _ossib!e configuration for the combined

_ressu:'e-fed/_-F-fed F2/H 2 system discussed under Analytical Inves-

tigations. ._is design utilizes a centrifugal pump as a pressure source

for the fuel, _nd the oxidizer is rreszure-fed by pressurizing the main

oxidizer tank ;_th stored gas.

The fue!-ptu_y volute is integrated into an annular manifold, _ich

enve!o_:es the itu_.[.. The manifol! receives the fuel from the p'_p_ directs

it through a dcubi._-walled_onhustion-chanber (as a coolant), and

su2plies the a.nnular injector _rith the ptunp-fed propellant. The pressur-

ized o_idizer is su_iied to the _nnular injector through multiple

;cruet valve_ radially oriented _ud integrated into the injector.

_'!,_ turbine tau-off is taken frcn the combustion chamber in four

equ_l__ s;ac_! y!ace_, and subsequently e:_J_austs its gases into the

nozzle core.

Use of this ccnceft s_ouli yrohah!y be limited to sfacecraft applica-

tions, since _he ma_Z_ntum _ractical chmnher pressure is not sufficiently

high for nos- hocs%er a_plicaticns, its use is most attractive for

an easily-dev_lo[ed, cc_garatively-inexpensive F2/H 2 system; the ease

of develop::ent and icw ccst result from no flucrine _tump being required.

FO_ 608 _ (LEDGE_t BE_ 1 _e
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Fig. 53 Combined Pump-fed and Pressure-fed (Perspective)
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Figures 54 and 55 show two system configurations for an NTO/50-50

system. These configurations feature complete integration of system

controls and valves into the thrust structure. The fuel-inlet duct

in Figure 54 uses a standard bellows. This requires (for gimbaling)

that the duct have an elbow between t_o bellows which is structurally

undesirable. The configurntion shown in Figure 55 uses the canted

bellows to improve the structural situation; use of the canted bellows

eliminates having a heavy elbow supported by bellows on both ends.

_oosters. Preliminary-design layouts of representntive booster configura-

tions for d'_l-shaft and sincle-shaf_ +"_ur_opunp systems are presented

in Figures 56 and 57 • Both systems use the aerodynamic-spike

nozzle-concept (Ref. II ).

Thee_!+_ _!gure 56 is nn 0_/_ 2 system, and is based on the system

103 configuration (Fig. 5 ). Four sets of turbop_mps (2 per set)

were used for this dezign. However, this should not be interpreted

as indicating that this is necessarily an o_timun number; it was

selected as being reprezenta_ive of multiple-pump systems.

The four LO 2 pumps are attached directly to the bottom of the LO 2

tar_ and their turbine exhaust dumps directly into the secondary-flow

region. The four LH 2 pumps are fed from a single line which passes

through the center of the LO 2 tank. Their turbine exhaust also dumps

directly into the secondary flow region. This arrangement minimizes

inlet and exhaust ducting and provides a simple and efficient support

I_2
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for the pumps. Pre-valves for the LO 2 pumps may be integrated into

the pump inlets. For the LH 2 Fu_ps, the pre-valves may be integrated

into the bottom of the LH 2 ta_s, using one valve for all four pumps.

A separate main valve and tapoff line is provided for each pump.

The tapoff Eas is removed from the chamber at the end plates (Fig. 58 ).

The need for a collector manifold along the length of the chamber and

tapoff ports through the tubes or main injector is thereby eliminated.

An injector is built into the end plate (to reduce the local mixture

ratio); it may be fed from the main chamber manifolds. The propellants

injected into the end plates could comprise most of the tapoff flow.

This could minimize side flow from the main chamber into the end plates.

Figure 57 contains a preliminary-design layout of an 02/PR-I six-million

pound thrust engine which is based on _y_tem 401 (Fig. 20). This

design uses a single turbop_O, which again, is not necezsarily optimum;

it was chosen to aid in considering concepts associated with single

as well as zultip!e turbopump systens. 1_nis configuration integrates:

(I) the p_mp-disch_rge z_anifolds and thrust structure, (2) the hypergol

cartridge _nd injector manifolds, and (3) turbine-drive power-source

and main combustor (tap-off concept). A comparison of the sizes of

the standard six-foot man sho_m in Figure 57 and the main propellant

valves underscores the packaging adv_tage associated with the multiple-

poppet valve concept (see Components section).
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In Figure 57 , propellants are discharged into toroidal manifolds

which encircle the turbopump. These manifolds distribute the pro-

pell_nts to multiple radial feed-lines that tie into the annular injector-

asnembly. These manifolds also act as stractural support for the turbo-

pump, and carry the thrust loads from the thrust ch__mber. The main-

propellant-valve housings are integrated into these manifolds. The

main-prope!l_nt valves are poppet-type valves.

The secondary flow required for the aerospike is otbained from the

turbine exhaust. This exhaust is discharged through the Perforated

centerbody. This secondary flow also acts as a coolant for the

centerbody structure.

Figure 59 shows some details of the toroidal combustion-chamber and

coaxial injector. Fuel is disoharged into the "fuel injector manifold"

and flows throuuh the combustion chamber tube as a coolant. Similarly,

ti_e oxidizer is discharged into the "oxidizer injector manifold" and

flows directly tP_oug!_ the coaxial injector. In Fig. 60, the hypergol

cartridge is _hown mounted on the ar_nular injector. The igniter-fluld

inlet-passage is integral with the a::nul_r injector. The hypergol

cartridge can readily be replaced. Any number of these cartridges

can be used on an engine system to increase reliability.

in9
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Components and _bsystems

In the paragraphs that follow, tile various component and subsystem con-

t._s program ea'e described and dis-cepts evolved and considered d_:ring ;-_

cussed. 5one of t:,ese conce:=ts involve integration of specific compon-

ents of t:_e selected basic systems, while ot=.¢rs nave more general ap-

plicability.

Prope!l_nt-Actuated Valves. Fie_res 61 t,.rough 66 contain prelimin-

_te_ l= _ea ':rooel!ant-act_ated valves.ary dcsiLn layouts of _'_ _.... " .

_'_ valves a:y_.,n in _ .... 61 and 62 were designed for use in a hOK

::T0/50-50 defined by ti_e scner,atic for systen 307 (Fig. 19 ).

Figure 61 depicts t[_e main control valve (XCV) which is an integrated

valve-_ac!:a_fe containin_ the main fue!-w-_Ive, tne oxidizer igniter-

so _cno.av_ve, and a control _ _ " valve. ?!:e o!_cration of this valve can

best be _::!_Jcr3%ood "_J r_. r._,.....xn_"_ :o t_e o?_:rationa! sequence for system

3ul (similar to system 307) in the section on conceyt definition, and

followin_ tLe -_..__ve-o_r_o._-- -_ _ sc_e:.atic on :'i_rure_ 61 . This is essentially

an in-line poi>pet valve, q:_e 9='opellant f__o-_s around a centerbody, which

is supported by tr_ree (or more) ribs. The pop;et seals in the closed

position against a soft metal seat. A combined he!lows and spring is

utilized both as a dj_.mic seal and for el@sing the poppet.
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T_e control solenoid is enclosed in the centerbody, klectrical leads are

wired throuch one of the support ribs. _ne solenoid actuates a spool

valve, whici_ is utilized as the o_dizer igniter valve. The i_iter flow

passes ti_rou[h the o_up_ort ribs. The vent port is connected to the

oxidizer puT@ inlet to prevent contar_ination and propellant loss.

i
Yieure 62 contains the oxidizer valve for system 307 (Fig. 19 ). It

is recalled t:.at this valve is actuated by ignition-stage chamber-

?rcssure (sensed at one of the propellant inlet ,,manifolds). The valve is

closed by oxidizer-pu._., discharge-plessure >_en the control solenoid is

dc-cn_r_ized at cutoff. This is sho'_._,schematically in Figure 63 .

These valve conce?ts are not inr.erently restricted to lower thrust levels.

For large-thrust er:k_ines, the supyort-rib size required for passage of

t_e igniter-oxidizer f!o:: 7_¥ bc an ir_ortant consideration. Use of the

_<ain-control-valve concept with cl'2ogenic propeila_nts ._/ not be feasible

beca,__e o_ _oso_e free2__ng resu!tin_ from t;,e i[niter-oxidizer flow

?an2ing t[.IOULh ti_e 7ain fuel-valve.

_i _res 6L and 65 cc.nt:_in prelt_:nary design !as-outs of the main

oxiclzer and T_ain fuel valves for a h$i[ 02/H 2 en£ine based on the

sc:_er.atic for sFstem IO1 (Fig. 3 ).

[ne valve sno_n in Fi_-ure 64 is an oxidizer diaphraim-valve, a solenoid
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control-valve, and a hot-gas actrator valve in a com:_,on asse_r,bly. This

nackaging technics_e eliminates " -° J.o_,_ feed lines, metal to vetal connect

points and nrovldes a lightweight component assembly.

This design er_lojs a circular fetal disc as a diaphragm; it is sealed

around ti%e peripher3 r b v a series of concentric serrations. To _rovide a

nolnnally closed valve, tie circular netal disc is performed so it is

spring-loaded closed. Prior to opening, oxidizer pressure is applied

to both sides of the metal disc. Zecause of the area difference,

the v-_Ive renains closed un-.ii i_nition-stage c:_ar£oer-pressure (acting

on tie hot-gas actuator) overrides t:.e closing force. ?a!ve closure at

cutoff is effected h$" main-line oxi!izer-pressure. This pressure is

directed to ti,e back side of tl,e -etal disc by opening the solenoid

control valve. This solenoid valve is a norn-_lly open valve that is

ener{ized (closed) b.v the s_art siina-l. __,_rlna system operation, the

valve is closed _nd t:e back side of tr.e fetal disc is ventec to the

s:,ction side of the oxidizer putT.,.

The i_ain fuel-valve for t:.e sm_e s ste:_ is shoran in Fit,are 65 . It is

sirdlar in desi[m to the nain oy_iiizer-va!ve, in t:'is valve, the fuel

dianhragn-v--]ve, the soienoii control-valve, _nd the oxidizer igniter-

valve are packaged into a co_n asse:,bly. The solenoid valve bod_v and

ti_e igniter valve bod$ are part of tie main fuel-valve cover. The igni-

ter valve is mecrmnicaliy iLnkei to the .main fuel-valve bF a stem and

15B
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poppet arrangement. A metal bellows is used to ensure a postiiv_ seal

between the oxidizer igniter-valve and the main fuel-valve.

The main fuel valve is a normally closed valve due to the spring load

applied by the prefon_ed metal disc. The fuel valve opens when fuel-

p_,p discharge-pressure acts upon the metal disc and closes when fuel

ptu_p discharge pressure decays•

Fis_xn_e 66 contains a preliminary-design layout of a novel concept

for a main propellant val_. This concept consists of integrating

the solenoid control-valve ::ith a r:ain propellant valve. The pro-

oellant valve is a tuuique adaptation of a poppet va_ and a butterfly

valve •

The butterfly gate rotates to an open position when the piston sleeve

z_ves a,:ay from the seat and rotates to a closed position when the

sleeve _oves to:_ords the seat. 7he combined translational and rota-

tional motion of the gate is accomplished by integrating a c_m follower

in the gate _ivot _nd engaging the c_m follo_r in a helical cam groove.

?he solenoid valve body is _art of the main propell_nt valve housing.

T_s packaging technique elh_inates lon_ feed lines, metal to metal

co,_nect points _nd provides a light weight component assembly. The

solenoid valve is of conventional design and is used to pressurize or

v_nt either side of the piston sleeve.
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.... _£_:._c-.--,_:,:_,. e: Valve Concept

.-it ::-:i.f::_:_i[izes _ number of shall cartridge poppet-valves located

,i ':- :.,e i:_j(-ctor =,anifolds (Figs. 67 through 69 ). This concept

_J ':_F............_:_"_ advc:,tageous for large-engine.... s_-stcms having 9ro_e!lant

:'_c..:a:_ lart:e encvzh that u_e of a single valve for eaca p_opellant

r_,,._ }resent serious paekat.'in_ and piope!lant-dist,rlbution ?ioblems.

J

._ij. 67 contains a sciier_atic w!lich indLcate_ : __ .... ra_Ives are

. _rofel__arA ;.. : -.. :: :. . .,_ nasseso'>era=ed within a system. _ 7 , • -,, ,

tLrou_:i the norma!l$.-open polts ,>: :_ , '.:.:.:.l_< :..: ;....:-...

• ________ \_., iT. , [ . • _ _ ,."

_osiuion_ since ti:e rr_::":', __:: "....

'_ of Fig. (< " '"

the closin/ ,:z,_s:. ::< it. tiil : :--i- t i " Z ": I : : _ .... i : [ _III 1<:: :'; :''C " L::lct_

and _'_ _- " _-"_ "_ - a"]r to r:ovc t;:e _o_e_s out-

.. " - _.... ,on to _+ ....o.... +_: this:,udi_ +_:'ss orenln,- t,:e vslvcs. =n a _,;.:" ._m .... _ ........

c<,nccpt i:as t:.c a,.!\'a:.ta6e%i,at no d_:a::ic _-]_o ..-_:_.:are lequire_ SinCe _r,y

leakaLc east. the pol,Reus is si_i:,- ret';r.,:ea to t :e p:!%_ inlet.

• •:t

• _ < ]

..., :: _ .,- ,.ilo t .rive s :-.::,.a:ed

O?t,*'ation of _nis concc;% has been dcscrihed in t.er_,sof a single propel-

+ ..,-,_.c of operation is identical for thelant; it sho-ald be ns eJ ti,at ti'.e_

ot?.er propellant of the system.
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Figure 68 snows how this concept could be used with a toroidal combustion

chamber; this is also shown as an incidental item in Fihn/res 73 a_nd 74 .

Figure 69 depicts a t_Tica! installation of this concept on a conventional

ti_rust ch_mber.

This concept is applicable to all the propellant combinations considered

as a part of this program. As i.-_lied previously, it is probably bene-

ficial only for larger-tiun/st engines.

. .ope._mnt-,_l_e/__rbop}unp. Conce£ts. These concepts are s_,nilar to the

n_l[iple nop_e%-valve conceT_ in t_at tne$" too are better suited to

larger-tnr_ist s)"stens. T'_ concepts are shown in Fignres 70 rand 71 .

The characteristic feature of both of these concepts is multiple flow-

passaEes , whic_ are distriL_cted a/on_ ti_e periphez-;" of the pu_ps, thus

elM_.inatinL t_e large propella__t valves wr:icn are cha_'acteristic of

conventional sjrstems wLcrein only one flow passaE.e from each pump is

.r.rovided.

Tc_e first of these conce_ts, termed t_,e circ_qar-cang quarter-t_rn ball

valve (Fig. 70 ), essentia!Iv consists of a number of b_ll valves w_ich

are linked together. Valve-actuation is effected by rotation of a single

"control" ball.
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Ths second concept, the turbopump tall-bearing valve (Fig. 71 ), consists
J

of a number of loosely retained balls. Valve closure is effected by rota-

tir,g the ball retainer, "_._icn depresses the undulate sprinc slightly, allow-

ing the ball to roll into the outlet port a_d shutt_g off the flow. Open-

ing of the valve is performed similarly.

Each of tilese Figu/res (70 and 71 ) contains an illustration snowing how

this tj_e of valve could he installed on a turbopunp. The use of this

concept witi, the "cartridge" turboptur@ concept is sho-._ in the next section.

Cartridze Integration Concept. The car%ridge concept essentially consists

of aesi_nin Z components so they cmn be "pillaged" into a hole. These holes

are parts of a common manifold and structural meW_er ".%ich has built-in

passages for the propellant flow. __nus, this concept tends to reduce

syste:_ size a_nd weight by having cor@onents "share" structzral elements.

Figure 72 shows the use of ti_is concept in a _altip!e turhopump system

with a bell th_st-chamber.

Fiin_re 73 depicts the use of a cartridge turtopunp _ith an advanced

a_ular combustion c_,_nber. ?he ada?tahiii_y of tiis concept to modular

packaging of a ._-_ltiple-lurhopu_.mp system is shown _ Fign/re 7h .

This concept is not limited in aTplication with regard to propellants or

thrust level.

I
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Fig. 72. Ca_tridge TurYo[_-Fs _i.th Ccnventional l_ozzle
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Start System inteFration. Two higmly-integrated start-s:,_tem concepts have

been evolved for use in a m_!tiple-start h_fO/50-50 spacecraft engine

(system _j32, Fig. 14 ). These systems have been sized on the basis of

five starts. Both start-systems utilize a hi-propellant gas-generator.

The unitized gas-Lenerator start-system (Fig. 74 ) inteErates most of

the engine start-system _nto one integrated assembly• The main valves

and the tapoff check valves are com;0ined _dth tr.e injector. 7me oxidizer

start-tank is spi_erica! and is mounted on t_e injector as shown. The

fuel start-tank is _n annular tank _%_ic:_surrounds the body of the gas-

generator.

Propellants are delivered to the injector using vehic!e-supplied high-

p,,essure helium. Positive-displacezent diaphragm_ iso!ai_ the propel-

im_ts from the pressurant. A porous shell in the bottom half of each

tank p_events traFping of propellants.

C,I_econtrol sort is _equired for operation. ;,?_engas e_:ters this port

the propellants beco:ue pressurized and the main valves open.

The integrated tLrLi_,e-sp_ start-system (Fi[. 75) is a co_pact, itig_ly

i_]tegrated start-system _±ch cou!c utilize the t_zbine inlet manifold as

the gas-generator co-.bustor (Fig. ?6 ). The engine start-tar, ks and the

main valves are _n_e_r_ed into one assembly wr_icn bolts onto ti,e turbine
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inlet manifold. Tne main valves are relief-check t_e valves. "_'nen

pressure is mpplied to the start tanks, tue main valves open and ig-

nition is accomplished, since the propellants are h'a_ergolic.

;;men tap-off pressure builds uo in tie tap-off line, t_e mm_n valves

close, since they are check valves.

_is system could be designed with rechargeable propel!&nt tanks which

would make it smaller while provid__ug unlimited restart capability.

This would, however, involve a reliability: degradation (see the section

on system ratings).

These concepts are, of course, !ir/_ed to h_.Tergo!ic propell_nt com-

binations, but could kith sliLht m_u_ication, be adaFted to non-h$qoer-

golic combinations.

Three-Leg dirbal. Tre tr,ree-leg ginhal (Fig. 77 ) concept _tegrates

tr_e _imbai bearing, ti:m_st st_ccture, and rr._fe!!ant inlet ducts. This

places the gi_:b__l point closer to t:e engine center of iravity, thus

reducing the re?_ired actuator loads.

Ti;e over-all features of this concoct are describe4, with regard to

Fig_re_O, in the section on s?acec:_ft using conventional nozzles.

In this section, some of the aetails of the concept are discussed, namely,

(i) canted bellows, (2) ball joints for ti:rust transmission, and (5) pinned
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joints for thrust transmission.

The purpose of the canted bellows is to allow a flexible joint in a

propellant line to bend about axes other than the ones perpendicular

to the line axis. Figure 78 shows a conventional bellows and line

arrangement. The propellant line and torque resisting axis is Y-Y.

The propellant line can bend about axis A-A and B-B without rotating

one half of the line relative to the other. The bellows acts as a

constant-velocity universal-joint. Assume it is desired to keep the

same bending axes A-A and B-B and torque resisting ads Y-Y, but change

the propellant lines axis to X-X as sh_.m in Fi_ure 79 • This config-

uration allows the propellant line to be rotated relative to the torque

resistin_ axis Y-Y. The bending and torque-resistin_ axes can now be

set up independent of the direction of the propellant line, thus allowing

greater packaging freedom.

The bellows shown in Figure 79 are conparatively large. To reduce

the bellows size, the canted bellows sho'_ i_ Figure 80 are used.

These bellows combine the szooth propellant flow and srmll size of the

_re 78 bellows and the packaging freedom sho_cn in Figure 79.

A brief discussion of how the canted bellows can be used to simplify

the inlet-duct configura_on for systems using other gLmbaling methods,

appears in the section on spacecraft systems with advanced nozzles.

FO_4 ¢:O_B B tt[_E_) REV _ 5B
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Figure 81 contains a layout of one of the three ball joints that

could be used to transmit the thrust while allowing the engine to gimbal.

The ball joint shown in Figure 82 could be used instead, if it were

desirable to isolate the two moving-contact surfaces frcm the propellants.

Fi_e 83 depicts an alternate approach, the pinned joint, or cardan

ring. This concept removes the bearing surfaces, and provides better

access for gimbal-bearing servicing.

As mentioned previously, this concept has no real applicability limitations

with regard to propellants or thrust level, but heat-transfer problems

associated with the use of multiple inlet ducts may make it less desirable

for systems using cryogenics.

Tubular Soherical-Combustor. The tubular spherical-combustor concept

(Fig. 8h ) is sirA!ar to the toroidal-coz;custor concept (Ref. 12 ),

T.his concept _y be es_ecially apFlicab!eto low-thrust annular

engines.

Fi3ure 85 indicates how t}Lis spherical combustor could be used as a

tb_rust-vector-control device -_ith a fixed thrust chamber. The combustor

wo_Lld be gimbaled w}tile the thrust chamber remains fixed.
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Tap-off _Tethods. A brief investigation of possible methods of extracting

turbine-drive gases from large toroidal combustors was made. The intent

was to determine if other concepts could provide a greater measure of

integration than the tap-off ar_iplate concept (see discussion of O2/H2

booster system). It was assumed that _hese large (approximately 6M pounds

thrust) toroidal combustors would be segmented.

There are two methods of tapping-off through the chamber wall. The

method shown in Figure86(a) consists of locally reducing the cross

section of the chamber tubes to form holes through which the hot gas can

pass. A collector manifold is placed on the outside of the tubes to

direct the flm¢ to the turbines. The main injector is designed to

give cool gas in the tap-off region. This arrangement takes advantage

of the cool region _hich is norr_ally maintained near the tube wall. The

char2oer weight is increased only by the amount added in the collector

_nifold. During development, it will be necessa_, to move the tap-off

location several ti_es to deterrdne the propsr position. To change the

location, new chamber tubes are necessary and an entire ch_v,ber and

injector assembly _ust be made. Attachinz the tap-off zsnifold to the

tube wall may also be a problem.

The method sho_m in Figure86(b)is the same as Figure 86 (a) except that a

solid wall is used in the tap-off area. The main feature of the solid

wall is easy relocation of the tap-off holes. Old holes could probably be
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welded up and new ones drilled. The temperature is low enough in the

area of the solid wall to make regenerative cooling unnecessary. The solid

wall provides a suitable attach point for the tap-off manifold. It is

possible, however, that in some applications the tap-off manifold will be

as large in diameter as the main charher. Tbis could easily cause packag-

ing problems. The solid w_ll chamber should weigh slightly more than the

tube wall chamber, Fig. 86(& ).

Flexures 87(a) and 8?(b_how two variations of tapping-off through the

injector. These schemes have the advantage of not affecting the chmmber

tubes. Figure 87(a) has the tap-off opening flush _ith the injector face.

This method is probably unsuitable, because some unburned propellant

could be t_-en from the chamber, and produce freezing or clogging in the

tap-off lines.

In Figure 87(b) , the tap-off location is raised fr_n the injector face so

cold prcpellants do not enter the tube. The length and location of the

tube will have to be determined experimentally.

Passing hot gas through the injector may have an undesirable effect on the

propellants. There should be no problez,s in attaching the manifold, but

packaz_ n -_of a large manifold may still be a problem. The modification of

local _X_xture ratio can be achieved as described for system I. The weight

of these systems will be very close to that of system I.
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System 5 is the tap-off end plate (Fig. 88 ). The end plate is

utilized as a location for removing tap-off gas. Since all of the gas is

removed t_hrough one large hole, no collector manifold is necessary. Several

variations of the tap-off end plate are possible. As shown in Figure 88 ,

the end plate has a baffle, a fuel injector and an oxidizer injector. With

this configuration, the total tap-off flow can be provided by the end

plate injectors. It is also possible to elimina_ the oxidizer injector

nnd inject just enouzh fuel to cool off the tap-off gas. The last method

would be to produce a fuel rich area by modif}_ing the main injector pattern.

The baffle plate z_y be eliminated if desired, or one chamber segment can

be completely isolated from the other. Ther_ should be very little weight

addition with this system, because there is no collector manifold and the

tap-off end plate should be about the smme _.cight as the usual (asstming

a segr_ented cor;oustor is used) cooled end plate. Since there is no

collector m_nifold, packaging problems should be minfumized.

Based on the abome discussion, it is concluded that the tap-off end plate

concept is the most ea#ly integrated of the concepts _discussed and is

probably the lightest. It should be noted that the above conclusion is

not based on an exhaustive investigation, and must, therefore, be considered

tentative pen _ding a more detailed investigation of tap-off methods.
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